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ABSTRACT 
Many anthropogenic chemicals, most notably xeno-oestrogens, are known to 
have the potential to disrupt vertebrate endocrine systems. Induction of the female-
specific protein vitellogenin (¥tg) in male fish, for example, is a well-known effect of 
exposure to xeno-oestrogens and serves as a biomarker of such exposure. There have 
been few comparable studies of putative biomarkers of endocrine disruption in 
decapods. The current study aimed to establish if reproduction and development of two 
decapods, the prawn, Pa/aemon e/egans and the crab, Carcinus maenas, were affected 
following exposure to known oestrogenic chemicals and whether a biomarker approach, 
analogous to that for vertebrates, could be adopted. The xeno-oestro~en 4-n-
nonylphenol (4-NP) was acutely toxic toP. elegans (48h-LC5o, 34.3-96.1 J.lg L" ) and C. 
maenas larvae (48h-LC50, 116-507.3 J.lg L" 1), with P. elegans among the most sensitive 
species reported. Other than a small, but significant, increase in the mortality of P. 
elegans larvae exposed to 4-NP at 2 J.lg L"1, neither 4-NP nor the natural oestrogen, 17~­
oestradiol (E2) significantly affected growth, development or survival of P. e/egans at 
environmentally realistic concentrations (<0.2-20 J.lg L"1). Similar results were obtained 
with C. maenas larvae, but they must be viewed with caution as survival, in.cluding that 
of the controls, was poor. Vitellin-like proteins were identified in the adults and larval 
stages of both P. e/egans and C. maenas using polyclonal antisera to lipovitellin and 
apolipovitellin. Vtg was female-specific in both species and expression was restricted to 
females undergoing vitellogenesis. No induction of Vtg was observed in males, from 
either species, following laboratory exposure to E2, and 4•NP. Likewise, no Vtg was 
detected in the haemolymph of male C. maenas which had been collected from sites 
known to be contaminated with oestrogenic chemicals. The titres of the ·vitellin-like 
proteins in P. e/egans larvae, determined using an indirect ELISA, were significantly 
affected, in a concentration-independent manner, following exposure to both E2 and 4-
NP. Exposure to 4-NP, at 0.2-20 J.lg L"1, resulted in a 5-18% increase in the levels of 
vitellin-like proteins. Exposure to E2, at 0.2 and 20 J.lg L"1 however, reduc_ed levels by 
up to 11%. Further development of the ELISA is required to assess comparable effects 
in C. mdenas larvae. Overall, while it remains questionable whether these effects result 
from endocrine disruption, an oestrogen receptor-mediated effect is unlikely. Increased 
mortality may have been due to toxic effects and no causal link has been established 
between the parent/exposure compounds and the induced alterations in protein profiles. 
This study emphasised the necessity for long term multi-faceted studies to determine the 
real impacts of pollutants at distinct organisational levels, 
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1 General Introduction 
Since the early 1990's there has been a growing interest in the phenomenon of 
endocrine disruption. Endocrine disruption can be considered as an alteration of the 
endocrine system in an uncontrolled or undesired manner by external influences. In the 
field of ecotoxicology, endocrine disruption is frequently observed without 
consideration or knowledge of the consequences to health. Popular attention was drawn 
to the field by the book "Our Stolen Future" which highlighted a variety of detrimental 
effects on the health of wildlife arising from exposure to anthropogenic pollution 
(Col born et al., 1996). 
Vertebrate Endocrinology 
The endocrine system is the primary means by which multicellular organisms 
control biochemical, developmental, physiological and developmental functions and, in 
vertebrates, is regulated by the hypothalamus and pituitary glands in the brain. As with 
the nervous system the endocrine system is involved with the transfer of information 
from one area to another. While the endocrine system is slower acting, in comparison to 
the nervous system, it is capable of continous long-term action. Typically signal 
transduction is propagated by the relase of a chemical messenger, a hormone, from 
either a cell or organ into the blood stream with its speed of action regulated by the rate 
of blood flow (Slum, 1986). Over the years this model has become more complex with 
the identification of other chemical regulators including neurohormones, secreted by 
neurons, and cytocrines, secreted by cells, acting as localised or intercellular regulators. 
Cytocrines are further divided into intracrines, thoses that are produced and function 
within a cell, and paracrines which are produced in a cell and then travel to, and act on, 
other nearby cells (Gulyas et al., 1990). 
The primary role of the endocrine system is to provide a co-ordinated regulation of 
physiology in order to maintain homeostasis. Typically this is achieved via the action of 
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feedback mecahanisms, usually negative, whereby target cells of a particular hormone 
secrete different chemical signals which intum inhibit the release of the stimulating 
hormone (Figure 1.1) (Pough et al., 1990). In reality numerous stimulatory and 
inhibitory effects by other chemical signals, from other regulatory systems, provide an 
additional level of control referred to as "cross talk". 
Although it is beyond the scope of this study to provide a comprehensive description 
of vertebrate endocrinogy, many endocrine regulatory systems show a high degree of 
similarity in their action. Regulation principally initiates in the hypothalamus instigating 
a cascade of chemical signals, which are passed down through different tissues and 
cells, until the desired response is achieved in the target tissue. These cascade reactions 
are specific to the desired response and are often described as an "axis". 
While there are many such axes regulating vertebrate physiology three classical 
models have been studied in great detail and provide a generalised picture of vertebrate 
endocrine systems. They describe regulation of reproduction via the Hypothalamus-
Pititary-Gonad (HPG) axis, metabolism via the Hypothalamus-Pititary-Thyroid (HPT) 
axis, while the third is the Hypothalamus-Pititary-Adrenal (HPA) axis often refered to 
as the stress axis (Figure 1.1 ). The following describes each in more detail with 
emphasis on mammalian and telesosts systems. 
HPG Axis: 
Gonadotropin releasing hormone (GnRH), is a neuropeptide secreted in pulses 
by the neurons of the the hypothalamus (Terasawa, 1998). It is well established that all 
vertebrates express at least 2 forms of GnRH, the highly conserved chicken GnRH-II 
(first identified in chickens) while the other is species specific. GnRh acts on 
gonadotropes in the anterior pituitary gland regulating secretion of luteinising hormone 
(LH) and follicle stimulating hormone (FSH) into the circulatory system where they are 
transported to the gonads. In males LH acts on Leydig cells, in the testes, promoting 
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testosterone synthesis which has a inhibitory effect on GnRH and LH secretion. In 
contrast, FSH acts on Sertoli cells in the testes, which produce inhibin B and 
subsequently provides a negative feed back mechanism for GnRH and FSH secretion 
(Pough, 1990). In females, LH acts on the corpus luteum promoting progesterone 
synthesis which inhibits GnRH and LH, while FSH acts on the follicle cells producing 
estradiol and inhibin A which provides the negative feedback for GnRH and FSH 
secretion (Figure l.l ). In addition to negative feedback mechanisms, regulation of the 
system is also affected by the sensitivity of the target cells which is affected by the level 
and duration of exposure. Consequently, frequent high levels of stimulation can lead to 
down-regulation of receptors and subsequently an overall reduction in hormonal effect. 
Sertoli cells, for example, can modify both the number of FSH receptors and their 
responsiveness by varying expression of enzymes responsible for steroid synthesis 
(Sharpe, 1993). 
The majority of sex steroids (~98%) produced by the gonads circulate bound to sex-
hormone binding proteins (SHBPs) resulting in only ~2% being biologically available. 
As a result the hormones are not readily metabolised resulting in an increase in their 
retention time. Consequently, regulation of circulating sex steroids can be indirectly 
affected by alteration in the synthesis of SHBP (Rosner, 1990). 
Several species specific GnRH isoforms have been identified in teleosts. Moreover, 
in contrast to higher vertebrates, highly evolved teleost fish, such as perciforms, have 
been shown to possess 3 different forms of GnRH (White et al., 1995). In fish, as in 
other vertebrates, GnRH regulates the secretion of 2 gonadotropin hormones GtH-1 and 
GtH-II. These hormones, which act on the gonads, have been found to act in a 
comparable manner to FSH and LH (Gothilf et al., 1995, Garcia-Hemandez et al., 
1997). In addition to playing a role in the gonad development of teleosts, GTH-II, is 
also involved in gamete release and, in females, regulates the synthesis of a variety of 
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progesterone-like molecules such as 17a,20P-dihydroxy-4-pregnen-3-one which 
regulate oocyte maturation (Canario and Scott, 1990). Furthermore, in contrast to 
mammals and other vertebrates, telosts possess 3 types of oestrogen receptor, ERa and 
Erp, as in mammals, plus the additional ERy (Hawkins et al., 2000). Telesosts also 
differ from other vertebrates in that many males produce the androgen, 11-
ketotestosterone (11-KT), in addition to testosterone (Suzuki et al., 1988). It appears 
that in these species it is the balance between the two androgens, rather than their 
overall levels, which is critical for sexual development (Cavaco et al., 2001). 
Secretion of FSH and LH in fish is also regulated via negative feedback 
mechanisms. Furthermore, oviparous teleosts also posses regulatory mechanisms which 
are absent in mammals. High levels of 17P-oestradiol (E2) in trout undergoing 
vitellogenesis, for example, have been shown to regulate dopaminergic inhibition of LH 
secretion (Kah et al., 1997). 
HP A/HPI-axis: 
The HPA- "stress" axis is regulated by the neuropeptide, corticotrophin releasing 
hormone (CRH), secreted by neurons in the hypothalamus, which acts on corticotropes 
in the anterior pituitary gland (Pough, 1990). The action of CRH is to promote secretion 
of adrenocorticotropin (ACTH) into the blood where it binds to corticotrophin binding 
proteins, produced in the liver, and is transported to the adrenal glands where it 
stimulates secretion of the glucocorticoids (cortisol and/or corticosterone). In addition to 
their involvement in cellular metabolism glucocorticoids also play an essential role in 
regulating stress and anti-inflammatory responses (Rosner, 1990). Furthermore, 
mammalian adrenal glands also produce weak androgens in response to ACTH which 
may be converted to more potent forms in target cells. Such adrenal androgens can have 
an influence on the HPG-axis and play a role in the early onset of puberty in humans 
(Ritzen, 1998). 
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Figure 1.1 Generalised schematic of reproduction (HPG), Stress (HPA/HPI) Growth (GH) and metabolism (HPT) axes. (GnRH) gonadotropin releas ing hormone, 
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One of the most important aspects of the HPA axis is the role glucocorticoids appear 
to play in neuronal development. An elevated level of glucocorticoids in neonatal rats, 
reduces the level of myelination and synapse development leading to underdeveloped 
axons. Such effects result in a reduction in the learning capabilities of the animal and 
increased motor dysfunction (de Kloet et al., 1988). Consequently disruption of the 
HP A-axis at critical periods of development can result in life time effects. 
In the absence of a defmed adrenal cortex, the adrenocortical tissue of fish is 
contained within the interenal gland, forming the HPI-axis (Chester Jones et al., 1980). 
The general mammalian regulation of corticoid production via the hypothalamus and 
pituitary also applies to teleosts, however, there are notable differences. Cortisol, the 
main corticosteroid in fish, is produced in the interenal gland and its production is 
regulated by ACTH and a-melanophore stimulating hormone (a -MSH) secreted by the 
pituitary gland (Sumpter et al., 1994; Donaldson, 1981). Cortisol secretion in acutely 
stressed fish appears to be regulated by ACTH while in chronically stressed fish cortisol 
production is regulated by a-MSH (Lamers et al., 1992). As in mammals, ACTH 
secretion is is under stimulatory control by CRH (Oiivereau and Olivereau, 1991), 
however, a-MSH secretion is regulated by both CRH and throtropin releasing hormone 
(TRH) (Lamers et al., 1994 ). As a result of the role of TRH in the secretion of cortisol, 
TRH has a stimulatory role in both the HPI-axis and the HPT-axis of fish, constituting a 
high degree of cross-talk between the two. 
Furthermore, cortisol directly or indirectly plays an important role in intermediary 
metabolism (Vijayan et al., 1997) and ionic and osmotic regulation (McCormick, 1995). 
Moreover, cortisol plays a role in regulating the immune system of fish in part by 
inhibiting cytocine production and, within the head kidney, it may have paracrine effect 
on catecholamine production (Weyts et al., 1999). 
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As with the sex steroid hormones much of the glucocorticoid in the circulation 
of mammals is associated with a globular protein, corticosterid binding protein (CBP) 
constituting another control mechanism. In contrast to mammals, CBP appears to be 
absent in fish, where cortisol circulates freely in the blood, resulting in comparatively 
high levels of cortisol in fish plasma (Pottinger, 1990). 
HPT-axis 
The HPT-axis is regulated by the secretion of throtropin releasing hormone (TRH) 
from the hypothalamus acting on thyrotropes in the pituitary gland stimulating secretion 
of thyroid stimulating hormone (TSH). TSH is transported in the blood via the transport 
protein, thyroid binding protein (TBP), to the thyroid gland where it stimulates 
triiodothyronine (T3) and thyroxine (T4) synthesis which inturn have a stimulatory effect 
on general metabolism (Figure 1.1 ). Circulating levels of thyroid hormones affects 
terminal differentiation of various tissues and this is particularly pronounced in the 
conversion of sertoli cells from immature proliferating cells to mature non-proliferating 
cells capable of supporting spermatogenesis during puberty. Subnormal T3ff4 levels 
attenuate the proliferative stage of sertoli cells leading to changes in their final number 
subsequently affecting testes size (Jannini et al., 1995) 
As with the interenal gland, the thyroid tissue in fish is relatively disperse with 
thyroid hormones playing a critical role in embryonic and postembryonic development 
and metamorphosis. This is most dramatic in Salmon where a transient six fold increase 
in T4 and cortisol levels coincides with smoltification as the fish prepare for migration 
into seawater (lwata, 1995). 
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OH-Axis 
In teleosts growth hormone (GH) plays important regulatory roles in several 
disparate physiological processes including reproduction, osmotic and ionic regulation 
as well as having an influence on metabolism, growth and development. The integrated 
control and sympathetic action of GH on the activity of other hormones is beyond the 
scope of the present study and is comprehensively reviewed by Holloway and 
Leather land ( 1998). However, the following provides a brief description of some of the 
key modes of action. As with the HPG, HPT and HPI axes GH is secreted from the 
hypothalamus in response to growth releasing factor (GHF); conversely somatostatin 
inhibits GH secretion (Pough, 1990). Furthermore, GH has a dual role by either acting 
directly on the somatotrophic cells in the pituitary or modulating the secretion and/or 
activity of other neuroendocrine factors thereby influencing multiple axes. In· some 
mammals thyroid hormones play a stimulatory role in GH synthesis and a similar 
situation has been reported in rainbow trout (Moav and McKeown, 1992). Somatostatin 
also has an inhibitory effect on the secretion of TSH from the pituitary gland 
highlighting the degree of cross-talk between different axes (Figure 1.1 ). GH itself may 
also exert a negative feedback control on somatotrophic cells thereby modulating GH 
secretion (Suzuki et al., 1996). 
In fish somatostatin, GRF, GRH, TRH and serotonin have been reported to 
stimulate, modulate or inhibit GH secretion (see Holloway and Leatherland, 1998 for 
review). Testosterone has also been reported to enhance GH gene expression in goldfish 
pituitary glands (Huggard and Habibi, 1995), however, a comparable response was not 
observed in rainbow trout (Xiong et al., 1993). Moreover, elevated GH levels in trout 
(Holloway et al., 1997) and goldfish (Marchant et al., 1989) in response to E2 exposure 
have been associated with a decrease in somatostatin levels suggesting a possible link 
between gonadal hormones and somatostatin secretion. 
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Overall the co-ordination of the endocrine system, regulated by feedback 
mechanisms, represents a finely balanced orchestration of different regulatory axes 
which, via cross-talk, provide an intergrated and fmely balanced mechanism for 
maintaining homeostasis. Consequently even a small disruption of the endocrine system 
may potentially result in the failure of an organism to maintain homeostatis resulting in 
pathological effects. 
Endocrine disrupting chemicals. oestrogenic pollution and xeno-oestrogens 
A variety of anthropogenic substances, termed endocrine disrupting chemicals 
(EDCs), can affect organisms by mimicking the action of endogenous hormones and 
distrupting mechanisms for regulating homeostasis. Such EDCs can cause 
antagonistic/agonistic interaction with specific hormone receptors, interfere with 
receptor protein synthesis, affect action of hormone releasing factors, act in a similar 
manor to hormones downstream via secondary messenger systems, modify hormone 
receptor levels or affect synthesis, transport, excretion and metabolism of hormones 
(Soto et al., 1995; Guillette, 2000; Snyder and Mulder, 200 I). 
Although several groups of chemicals have been implicated as EDCs, the greatest 
concern has been generated by those compounds that, although not specifically designed 
to have endocrine activity, possess unexpected oestrogenic properties in a variety of 
species. 
Oestrogen regulated gene transcription 
The oestrogen receptor (ER) is a member of the nuclear receptor superfamily 
(Rollerova and Urbancikova, 2000). Steroidal hormones such as oestrogen are 
transported by the blood to cells or tissue where they interact with cytoplasmic and 
nuclear receptors, resulting in a ligand-receptor complex, leading to transcription of 
steroid responsive DNA sequences in the cell nucleus (Clegg, 1969). As such ERs 
function as transcription factors either activating or inhibiting the expression of a variety 
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of target genes. Typically this results in the transcription of particular genes into 
proteins (e.g. vitellogenin synthesis) leading to the hormonal effect, which in turn is 
regulated by negative feedback mechanisms (Figure 1.1 ). 
Figure 1.2 illustrates the transcriptional regulation of oestrogen responsive 
genes. In the absence of the oestrogen ligand, ERs are found in the nucleus within a heat 
shock protein complex, Hsp90, which inhibits their action. On interaction with the 
ligand (e.g. 17P-oestradiol) the ER dissociates from Hsp90 (Renoir et al., 1990) and 
undergoes hyperphosphorylation resulting in a conformation change revealing the 
DNA-binding domain. This region of the ER recognises palindromic DNA sequences 
called oestrogen response elements (EREs) in the upstream flanking region of oestrogen 
responsive genes (Druuege et al., 1986). The ERs dimerise as a homodimer (Kumar and 
Chambon, 1988) and bind eo-activators and co-repressors prior to transcription (Onate 
et al., 1995; Zamir et al., 1997). The number of eo-activators (enhance ER action) and 
co-repressors (inhibit ER action) identified to date that can affect target oestrogen 
responsive gene transcription is too great to cover here but is reviewed by McDonnell 
and Norris (2002). 
Additionally, while not covered in this review, the ER is capable of ligand 
independent activity via non-transcriptional mechanisms via plasma membrane-resident 
forms of ER, such as the the mitogen-activated protein kinase (MAPK) pathway, cAMP 
production and generation of inositol phosphates (see Watson and Gametchu, ( 1999) for 
review). 
Generally xeno-oestrogens interfere with the natural hormonal system by either 
binding to the oestrogen receptor, interacting with an oestrogen responsive element 
(ERE) or acting via another pathway that alters oestrogen signalling to ellicit a response 
(Gillesby and Zacharewski, 1998). This is unsurprising considering the relatively open 
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nature of the ER-binding domain which, as such, is often referred to as being 
'promiscuous ' with regard to the nature of the activating ligand (Pike et al., 1999). 
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Figure 1.2. Molecular action of oestrogens: Circulating oestrogens enter cell (I), pass 
through nuclear membrane (2), where they interact with the oestrogen receptor (ER) 
associated with a heat shock protein (Hsp) (3). Ostrogens then bind to the ER via the ligand 
binding domain (4) producing a confonnation change of the ER exposing the DNA binding 
region and causing disassociation from Hsp (5). The ER then fonns a homodimer (6) and 
binds to oestrogen responsive elements (ERE) on the DNA (7). Binding to EREs is 
accompanied by the binding of additional cofactors (8) resulting in transcription (9) and 
mRNA synthesis (10) leading to protein synthesis (11 ). Adapted from Rollerovoa and 
Urbancikova, (2000) 
In general planar compounds with a phenolic character and two oxygen-
containing moieties approximately 1. I -1.2 nm apart can fit into the ligand binding 
pocket of the ER, resulting in agonistic or antagonistic activity (Barnes, 2001). This 
ability to interact with the ER is not only true for natural oestrogens but includes a range 
of synthetic oestrogens, such as dyethylstilboestrol (DES), and a variety of 
environmental chemicals including phthalates, alkylphenols, organochlorine pesticides, 
Bisphenol A (Figure 1.3) and PCBs (Figure 1.5) (Soto et al., 1991 ; Nimrod and Benson, 
1997; Andersson et al., 1999; Asai et al., 2000; Satoh et al., 200 1). 
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Figure 1.3. The diverse chemical structure of natural, synthetic and xeno-oestrogens 
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In many cases it is the ability of such xeno-oestrogens to mimic oestrogen via 
interaction with the ER which is the basis for their oestrogenicity and their resultant 
ability to disrupt the endocrine systems of vertebrates. This is not, however, their sole 
mode of action. 
Effects of xeno-oestrogens in Humans 
Although causality has yet to be cleary established, the most widely publicised and 
sensationalised cause for concern has been the putative disruption of human endocrine 
systems. A plethora of studies conducted in numerous countries have suggested that 
humans sperm counts have been in decline for many years (Jarnes, 1980; Swan et al., 
1997). It has been suggested that the primary cause for such declines is linked to 
- testicular dygenesis syndrome which may arise from disruption of gonadal development 
during fetal development (Skakkebaek et al., 2001). There is, however, limited 
information as to this mode of action. During fetal/embryonic development the feedback 
sensitivity of the HPG-axis, to steroid hormones, is determined and establishes the 
levels of circulating steroids necessary to trigger the feedback mechanism (Dohler, 
1991 ). As previously discussed, thyroid hormones affects differentiation of sertoli cells 
and since the number of cells correlates to spermatozoa production, disruption of the 
HPT-axis in prepurbatal development may also be a causative factor of decreasing 
sperm counts (Jannini et al., 1995). Antiandrogens such as the dicarboximide fungicide, 
vinclozolin, have been shown to compete with androgens for the androgen receptor 
(AR) inhibiting AR-DNA binding and therby altering androgen mediated gene 
expression (Kelce et al., 1994). Such action would therefore have an effect on sperm 
production in adults. Vinclozin has also been reported to inhibit the negative feedback 
regulation of testosterone via the HPG-axis of mammals (Figure 1.1) (Moorman et al., 
2000). Furthermore, it has been reported that exposure of rats to elevated levels of E2 
during prenatal development, blocks differentiation pathways mediated by androgen 
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receptors, resulting in prostate and testicular atrophy, with a subsequent reduction in 
testosterone levels (Bellido et al., 1985). Consequently, any chemical which reduces 
testosterone synthesis/action or increases testosterone metabolism at any developmental 
stage would have a detrimental effect on the regulation of steroid levels and sperm 
production later in life. The evidence however for a causal link between environmental 
exposure to chemicals and declining sperm counts in humans remains equivocal. 
An increase in the incidence ofpre-pubatal breast development (thelarche) in Puerto 
Rican girls was observed during the 1980's (Bongiovanni, 1983). It has been suggested 
that xeno-oestrogens may interact with the ER in peripheral tissues, like the breasts, 
promoting the early onset of puberty in these tissues. As a result exposure to the 
synthetic oestrogen, diethylstilbestrol, has been previously suggested as a causative 
agent of thelarche (Hertz, 1979). More recently Colon et al., (2000) reported a 
correlation between thelarche and phthalates, which have been shown to be oestrogenic 
in receptor based assays using human breast tissue (Harris et al., 1997). However, a 
causative link between the incidence of thelarche and environmental contaminants 
remains unestablished. 
There is also good, though inconclusive, evidence for a link between oestrogenic 
exposure and the development of testicular cancer. It has been suggested that exposure 
to oestrogens (or antiandrogens) during early postnatal development may influence later 
development of testicular cancer (Bergstrom et al., 1996). This is, in part, is supported 
by the observation that sons of mothers receiving DES during pregnancy had a two fold 
increase in testicular cancer (Toppari et al., 1996). A similar link between elevated 
exposure to endogenous oestrogens and breast cancer has been proposed for females 
(Hulka and Stark, 1995). However, as with thelarche, declining sperm counts and 
testicular cancer, causative links between breast cancer and exposure to environmental 
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oestrogens such as DDT (Cocco et al., 1997) and PCBs remain controversial (Wolff et 
al., 2000) 
The majority of endocrine disrupting effects, reported to date, have been 
observed in organisms associated with the aquatic environment (Matthiessen and 
Sumpter, 1998). This is primarily a reflection of the fact that the eventual. fate of most 
anthropogenic chemicals is the aquatic environment. One dramatic exception to this was 
the reported ability of certain EDCs to interfere with the symbiotic signalling between 
legumes and certain nitrogen fixing bacteria (Fox et al., 2001). Such interference may 
potentially lead to a global reduction in food production; or at least an increased need 
for the application of artificial fertiliser. Such studies highlight the significant threat 
posed by endocrine disruption in the environment. Consequently, endocrine disruption 
has been given a high priority by the Environment Agency (EA) (EA, 1998; EA, 2000). 
Disruption ofHPG-axis, HPI-axis and HPT-axis of aquatic vertebrates 
Deleterious effects arising from exposure to anthropogenic pollutants, have been 
reported in a variety of wildlife species, including fish (see Sumpter, (2002) for review), 
birds (Bowerman et al., 2000; Dawson, 2000; Brunstrom et al., 2003), aiJigators (Crain 
et al., 1999; Guillette et al., 2000) and polar bears (Gulledge et al., 2001; Haave et al., 
2003). Many of these effects appear to be mediated by chemicals with oestrogenic 
activity. 
The sex steroids, like testosterone and oestrogen, have multiple roles in vertebrates 
undertaking an organisational role during sexual differentiation and later an activational 
and regulatory role in the sexual cycle (Guillette et al., 1995; Bigsby et al., 1999). EDCs 
have been shown to interfere with several vertebrate endocrine systems including sex 
steroid synthesis and metabolism (Kelce and Wilson, 1997; Kelce et al., 1998; 
Sonnenschein and Soto, 1998) as well as pituitary and thyroid functions (Brouwer et al., 
1989; Leatherland, 1993; Zhou et al., 2000). Elevated levels of cortisol have been 
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observed in fish following exposure to PCBs indicating disruption of the HPI-axis 
(Quabius et al., 2000). Additionally, PAHs have been shown to elevate testosterone 
production in goldfish and rainbow trout, suggesting disruption of the HPG-axis 
(Evanson and Van der Kraak 2001). As is discussed later, xeno- and exogenous 
oestrogens present in the environment are also capable of interfering with the HPG-axis 
of fish by initiating abnormal receptor mediated protein synthesis. 
While the majority of endocrine disruption research has focused on the action of 
chemicals with oestrogenic action, several accounts have also identified chemicals with 
androgenic or anti-oestrogenic properties. Female mosquitofish exposed to Kraft mill 
effluent have been observed to develop male morphological characteristics (Cody and 
Bortone, 1997), while the gonads of female fish exposed to kraft and pulp mill effluent 
were significantly retarded (Sandstrlim et al., 1988; Cody and Bortone, 1997). More 
recently, tributyltin oxide (TBTO) was reported to cause the sex reversal of genetically 
female Japanese flounder (Paralichthys olivaceus) (Shimasaki et al., 2003). 
An additional concern stems from the apparent oestrogenic effects of PCB 
exposure in higher vertebrates and mammals. It has been noted that female seals fed 
PCB contaminated fish failed to become pregnant and appears to be linked to low levels 
of endogenous E2 (Reijnders, 1986; Reijnders, 1990). While the exact cause for the 
reproductive failure in seals remains unclear, Boon et al., (1987) reported that seals 
exposed to PCBs had elevated CYP1A(2) activity which, being able to hydroxylate E2, 
may have led to reduced endogenous estradiollevels impairing fertility. In other studies, 
displacement of thyroid hormone from the plasma protein transport complex of seals, by 
PCB metabolites, has been shown to produce vitamin A and thyroid hormone deficiency 
(Brouwer et al., 1989). It is therefore clear that the HPG-axis, HPI-axis and HPT-axis of 
aquatic vertebrates are vulnerable to disruption by EDCs particularly xeno-oestrogens 
and that in many cases these effects are carried through to the populations level. 
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Sources of oestrogenic contaminants 
Treated domestic discharges have been identified as a major cause of 
oestrogenic effects on fish in U.K. and North American freshwater environments 
(Purdom et al., 1994; Sumpter, 1995; Sumpter and Jobling, 1995; Folmar et al., 1996; 
Harries et al., 1996; Harries et al., 1991; Harries et al., 1999; McArdle et al., 2000). 
Most oestrogenic effects in rivers can be attributed to natural and synthetic oestrogenic 
hormones derived 1from conjugated material excreted from women and livestock 
(Desbrow et al., 1998). These steroidal conjugates are deconjugated into their active 
form during sewage treatment and released into the environment. It has become clear 
that a diverse range of aquatic organisms are exposed to oestrogens as a result of their 
discharge into river systems (Desbrow et al., 1998; Belfroid et al., 1999). Currently 
available data indicate that fish exposed to the reported levels of oestrogens and xeno-
oestrogens in the environment, accumulate sufficient contaminants in their tissues to 
interfere with oestrogen regulated gonad development and protein synthesis along the 
HPG-axis (Tyler and Routledge, 1998; Larsson et al., 1999). 
Although natural and artificial oestrogens are the main cause of oestrogenic 
pollution in inland waters, other anthropogenic chemicals, particularly the alkylphenol 
polyethoxylates (APEs) have been shown to contribute significant oestrogenic effects in 
fish at concentrations as low as 10 J.lg L"1 (Harries et al., 1995; Jobling et al., 1996). 
The oestrogenic activity of alkylphenols has been known since 1938 when 4-
propylphenol was observed to produce vaginal cornification in ovariectomised rats 
(Dodds and Lawson, 1938). By 1978 alkylphenols were recognised as being capable of 
displacing oestradiol from its receptor and preventing oestradiol from binding to its 
receptor (Mueller and Kim, 1978). It was not until more than a decade later, that the 
potential adverse effects on humans and wildlife were truly realised, when 4-
nonylphenol (4-NP) was observed to proliferate the growth of MCF7 human breast 
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tumour cells which are sensitive to oestrogens (Soto et al., 1991). Later, Jobling and 
Sumpter (1993) observed that alkylphenols and metabolites of APEs induced the 
production of the "female specific protein" vitellogenin (Vtg) in male trout v1a 
interaction with the oestrogen receptor. Since then 4-NP has been shown to bind to the 
vertebrate oestrogen receptor, induce Vtg synthesis, instigate gene transcription and 
proliferate the growth of a variety of oestrogen sensitive cell lines in vitro (White et al., 
1994). Furthermore, 4-NP has been observed to produce oestrogenic responses in a wide 
variety of fish species including rainbow trout (Arukwe et al., 2001), Japanese medaka 
(Gray and Metcalfe, 1997; Tabata et al., 2001), sheepshead minnows (Hemmer et al., 
200 I), fathead minnows (Giesy et al., 2000), platyfish (Kinnberg et al., 2000), flounder 
(Christensen et al., 1999) eel pout (Christiansen et al., 1998), roach (Routledge et al., 
1998) and carp (Casini et al., 2002). 
Unfortunately, from an environmental perspective, APEs appear to be more 
persistent in rivers than natural and synthetic steroid hormones (Harries et al., 1997; 
Desbrow et al., 1998) and their distribution within the aquatic environment is reportedly 
widespread (Nimrod and Benson, 1996a). However, although alkylphenols like 
nonylphenol are capable of inducing vitellogenin synthesis in fish at concentrations~ I 0 
11g L-1, exposure to exogenous oestrogens at concentrations as low as -lOng L"1 is 
sufficient to induce Vtg in a variety of fish (Hemmer et al., 200 I; Thorpe et al., 2000; 
Thorpe et al., 2001). Consequently, while exposure to xeno-oestrogens disrupts the 
endocrine system of freshwater fish, the primary contributing factor appears to be 
exposure to natural oestrogens. 
Given the rapid decline in the oestrogenic effects of natural oestrogens as 
distance from the source increases (Harries et al., 1995), it was predicted that marine 
organisms would be less affected by EDCs, with oestrogenic properties, than fresh 
water species living downstream of discharges. This was later challenged by widespread 
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observations of abnormal protein synthesis (Vitellogenin), ovotestes and abnormal 
spermatogenesis in the flounder, Platichthys jlesus (Alien et al., 1999a; Alien et al., 
1999b; Lye et al., 1999). It has been shown that unlike natural steroids, the expected 
loss of oestrogenic action based on dilution, is less pronounced for APEs (Harries et al., 
1995). This, in part, reflects the lipophilic nature of APEs and their tendency to 
associate with sediment. Once associated with the sediment biodegradation is restricted 
and the sediment acts as a sink for the parent compounds which may be transported 
downstream. Later, once suitable physiochemical and biological conditions are present, 
the compounds degrade over time and the sediment acts as a slow release source (Ahel 
et al., 1994a; Ahel et al., 1994b ). In some cases the effects of contamination were 
greater in estuarine flounder than expected based on observations in trout (Matthiessen 
et al., 1998). These differences partly reflect the differing forms of exposure based on 
habitat differences between the species, i.e. soluble oestrogen exposure verses sediment 
bound oestrogens. It is, therefore, apparent that several anthropogenic chemicals 
particularly alkylphenols are having a detrimental effect on the endocrine systems of 
vertebrates. 
Crustacean endocrinology 
As with vertebrates, invertebrate biochemistry, physiology and behaviour is 
regulated by hormones secreted by neural ganglia and regulated by integrated feedback 
mechanisms and cross talk. However, in contrast to vertebrate systems, much of the 
invertebrate endocrine system relies heavily on neuro-peptides and in particular one 
group of hormones, the ecdysteroids (Beltz, 1988; Chang, 1995; Charmantier and 
Charmantier-Daures, 1998; deFur et al., 1999; Subramoniam, 1999; Huberman, 2000; 
LaFont, 2000). Ecdysteroids have functional roles in moulting and development of a 
variety of phyla including platyhelminths, nematodes, crustaceans, insects and annelids 
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(Enderle et al., 1983; Fingerman, 1987; Barker et al., 1990; Barker and Rees, 1990; 
LaFont, 2000). 
The complexity of reproductive systems and life histories of invertebrates 
including metamorphosis, diapause, regeneration and growth has resulted in the 
evolution of an endocrine system significantly different to vertebrates (Pinder et al., 
1999; LaFont, 2000). Despite these differences there is growing evidence to suggest that 
some similarities exist between the hormonal systems of vertebrates and invertebrates. 
Within the invertebrate groups the endocrinology of the arthropods has been most 
widely studied, primarily because of the interest in insects, while within the aquatic 
environment the endocrinology of Crustacea has received the greatest attention. 
In Crustacea, ecdysteroid secretion from the Y -organs is regulated by a 
neurohormone, moult inhibiting hormone (MIH), produced by the sinus gland in 
response to the action of 5-hydroxytryptamine (see Lachaise et al., (1993) and Chang et 
al., (1993) for reviews). As with vertebrate systems, a variety of negative feedback 
mechanisms are in place in order to maintain homeostasis. High levels of circulating 
ecdysteroids, for example, promote the release of MIH from the x-organ thereby 
reducing the secretion of ecdysteroids (Figure 1.4 ). 
Along with the vertebrate ER, retinoic acid receptor (RAR) and retinoid X 
receptor (RXR), the ecdysteroid receptor (EcR) of arthropods belongs to the nuclear 
hormone receptor superfamily. These receptors represent a group of transcriptional 
regulatory proteins linked by a conserved structure and function (Mangelsdorf and 
Evans, 1995). Unlike the ER which binds EREs as a homodirner (Figure 1.2), RARs 
only bind retinoic acid receptor elements with high affinity when heterdimerised with 
RXRs (Zhang et al., 1992). 
In arthropods, heterodimerisation between the RXR homolog, Ultraspiracle 
(USP), and the EcR is required inorder to bind ecdysone and trigger a cascade of gene 
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expression (Yao et al., 1992). While 20-hydroxyecdysone (20-E) is clearly established 
as the ligand for the EcR. USP remains an orphan receptor. It is most probably that USP 
is a ligand-regulated receptor and this is supported by evidence that it is capable of 
binding juvenile hormone which, in insects, regulates morphogenic transition (Jones and 
Sharp, 1997; Sasorith et al., 2002). To date only methyl famesoate (MF), the 
unepoxidated form of insect juvenile hormone ill (Figure 1.5), has been identified .in 
Crustacea where it appears to play a similar role to insect JH (Laufer et al., 1986; Abdu 
et al., 1998; Smith et al., 2000). Whether MF/JH is the sole ligand ofUSP remains to be 
seen. 
While the main hormone regulating moulting and development in Crustacea, as 
in insects, is 20-E, the hormone Ponasterone A (PoA) also appears to have a similar role 
at various stages of development (Snyder and Chang, 1991 ). Furthermore, in vitro, PoA 
has been shown to bind to the EcR with a significantly greater affinity than 20-E 
(Schaltmann and Pongs, 1982; Nagagawa et al., 2000). 
Crustacean X-organ- Y-organ- Gonad axis 
Regulation of crustacean reproduction is different to vertebrates with a variety of 
hormones promoting and inhibiting vitellogenesis depending on environmental and 
physiological cues (see LaFont, (2000) for review). In crustaceans a gonad inhibitory 
hormone (GIH) is produced by the sinus gland with a gonad stimulating hormone 
(GSH) produced by the brain and thoracic ganglia. In females Gm and GSH act directly 
on the ovary. In males Gm and GSH act on the androgenic gland which regulates 
production of androgenic gland hormone (AGH) which acts, in turn, on the testes (see 
Fingerman et al., ( 1998) for review). The sinus gland also produces crustacean 
hyperglycaemic hormone (CHH) which regulates haemolymph glucose levels and in 
Carcinus maenas CHH production has been shown to be stimulated and inhibited by the 
neurohormones dopamine and enkephalin, respectively (Rothe et al., 1991; LUschen et 
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al., 1993). Many of these hormones including MIH, MF and CHH have also been 
implicated as playing a role in the regulation of vitellogenesis and reproduction (Figure 
1.4), however, much of the evidence for such action remains equivocal (Subramoniam 
et al., 2000). 
Hormonal control of vitellogenesis is well documented in oviparous vertebrates 
(Tata and Smith, 1979; Wallace and Selman, 1981), and comparable regulatory 
mechanisms exist in Crustacea (Subramoniam, 2000). However, Swevers et al. (199lc) 
observed that the typical enzymatic steps involved in the synthesis and catabolism of 
steroids in vertebrates are absent, or operating at particularly low rates in insects. Such 
findings suggest that vertebrate-type steroids (C21, C19 and C1s) are not active in insect 
physiology. This is generally true for most invertebrate groups, where the majority of 
endogenous hormones are c24-27 sterols (Figure 1.5), compared with the CIS-21 steroids, 
like oestradiol and testosterone (Figure 1.3), found in vertebrates (Baker, 2004). 
Although this generalisation is true of many invertebrate species C18 sex-
steroids, including 17~-oestradiol (E2) and progesterone (PG), have been identified in 
crabs (Warrier et al., 2001) and lobsters (Couch et al., 1987; Fairs et al., 1989) 
Furthermore, the E2 precursor, pregnenolone, has been identified in Artemia sp. (Novak 
et al., 1990). Similarly, testosterone and beta-boldenone have been identified in 
Daphnia magna and the mysid Neomysis integer, respectively (Baldwin and Leblanc, 
1994; Verslycke et al., 2002a). Oestrogens and androgens also appear to have a 
functional role in some coelenterates and molluscs (Atkinson and Atkinson, 1992; 
Matsumoto et al., 1997; Nice et al., 2003). 
Despite their presence in invertebrates the functional role of vertebrate-like 
hormones, particularly in Crustacea, remains unclear. Vertebrate androgens have been 
observed to have no effect on Orchestia gammare/lus (Charniaux-Cotton, 1962) or 
Pachygrapsus crassipes (King, 1964). 
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Figure 1.4. Generalised schematic of endocrine regulation of 
moulting and reproduction in Crustacea; (CNS) central 
nervous system, (5-HT) 5-hydroxytryptamine, (EK) 
enkephalin, (DP) dopamine, (MO) mandibular organ, (MOIH) 
mandibular organ inhibiting hormone, (MF) methyl farnesoate, 
(MlH) moult inhibiting hormone, (CHH) crustacean 
hypoglycaemic hormone, (G I H/VlH) gonad/vitellogenesis 
inhibiting hormone, (GSH) gonad stimulating hormone, (AG) 
androgenic gland, (AGH) androgenic gland hormone, (20-E) 
20-hydroxyecdysone, (E2) 1 7~-oestradiol , (Pg) progesterone. 
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Results on the effect of oestrogens on the development and reproduction of the 
copepod, Nitocra spinipes, led the investigators to conclude that N. spinipes lacks 
oestrogen receptors and that oestrogens are not functionally active in this species 
(Breitholtz and Bengtsson, 2001 ). In contrast , maturation of the reproductive organs of 
some female Crustacea has been reported in response to oestrogens (Sarojini et al., 
1986; Nagabhushanam and Reddy, 1987; Sarojini et al., 1987; Sarojini et al., 1990). 
Consequently, it is probable that vertebrate-like steroid hormones, present in both 
vertebrates and invertebrates, have similar, but not necessarily identical roles and that 
the functionality may differ between taxa. 
Evidence for endocrine disruption in invertebrates 
Until relatively recently, the majority of the work conducted into the field of 
endocrine disruption focussed on the higher vertebrates and terrestrial insects, although 
in the last few years this has expanded to encompass amphibian (Palmer et al., 1998; 
Iguchi et al., 2001; Qin et al., 2003) and aquatic invertebrate models (see Depledge and 
Billinghurst, ( 1999) and LeBlanc, (2000) for reviews). 
The first indication that endocrine disruption was occumng m invertebrates 
stems from the appearance of lamellated chambers in Crassostrea gigas and a decrease 
in spat survival and settlement (reported by Alzieu, ( 1991 )). Later the imposition of 
penis and vas deferens (imposex) was observed in female gastropod molluscs and a 
causative link established between incidence and exposure to tributyltin (TBT) (Bryan 
et al., 1986; Gibbs and Bryan, 1986; Gibbs et al., 1991 ). A later study reported a high 
incidence of imposex in Lepsiella vinosa in an environment with high levels of copper, 
but low levels of TBT, suggesting that copper may also cause imposex (Nias et al., 
1993). This was later contradicted Barroso et al., (2002) who reported that exposure to 
copper did not induce imposex characteristics in Nassarius reticulates . 
39 
As has been observed in vertebrates, a large and ever increasing number of 
metals, chemicals and compounds appear to have an adverse effect on invertebrates 
(Table 1.1). There is, however, still a lack of inexpensive, easy to use bioassay systems 
to detect, monitor and evaluate the effects of sewage, industrial and agrochemicals on 
the hormonal systems of invertebrates (Depledge and Billinghurst, 1999). This is 
suprising considering invertebrtaes constitute more than 90% of all animal species in 
natural ecosystems, and frequently constitute the food of higher vertebrates. 
EcR agonists/antagonists 
Although stuctually quite dissimilar (Figure 1.3 & Figure 1.5) it was postulated 
by Zou and Fingennan, (1997a) that oestrogenic compounds, including xeno-
oestrogens, may have the potential to interfere with the endogenous steroid hormones of 
invertebrates. Since moulting, and most likely reproduction, is also regulated by 
ecdysteroids (Fingerman, 1987; Lachaise et al., 1993) it was feared that environmental 
pollutants such as xeno-oestrogens could disturb ecdysteroid systems and pathways by 
binding to nuclear ecdysteroid receptors (EcR or USP) and/or alter steroid metabolism 
(Baldwin et al., 1995; Zou and Fingerman, 1997a; Zou and Fingerman, 1997b). 
Dinan (2003) recently proposed a pharrnacophore hypothesis where several 
features (heteroatoms at C-2, C-3, C-20, c-22; a large dipole at C-6;a bulky hydrophobic 
group attaced to the C-20), each providing incremental contributions to binding affinity, 
were necessary to facilitate ligand binding to the EcR. It was noted that the absence of 
one or more of these elements does not prevent binding to the EcR only reduces the 
relative affinity of ligands. Despite the fact that many environmental chemicals, 
including xeno-oestrogens, possess very few, or none, of these features (Figure 1.3 and 
Figure 1.5) numerous studies have reported disruption of the moult cycle in arthropods 
following exposure to xeno-oestrogens. 
40 
HO 
HO 
Methyl famesoate 
OH 
0 
Ponasterone A 
0 
OH OH 
HO 
HO 
0 
20-Hydroxyecdysone (20-E) 
HO 
HO 
0 
Makisterone 
OH 
OH 
Methoxyfenozide (RH-2485) Tebufenozide (RH-5992) 
Polyaromatic Hydrocarbons 
I 
Benzo[ a ]pyrene Benzo[b ]Fluoranthene Pyrene Chrysene 
Cl 
Cl 
Polychlorinated biphenyls 
Cl 
Cl 
2,4,6-trichlorobiphenyl 
(PCB 30) 
Cl OH 
Cl 
4-hydroxy-2,4,6-trichlorobiphenyl 
(OH-PCB 30) 
Figure 1.5: Chemical structure of the primary steroidal hormones in crustaceans; methyl 
famesoate (JH analogue), 20-hydroxyecdysone and Ponasterone A. Presented with PCB 30, 
P AHs, the pbyto-oestrogen makisterone and the structures of the insecticides methoxyfenozide 
and tebufenozide. 
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The hydroxylated PCB, 4-0H-PCB 30, for example, can act as an agonist of the 
vertebrate ER receptor both in vitro (Anderson et al., 1999) and in vivo (Carlson and 
Williams, 2001) as well as interacting with TR (see Cheek et al., 1999 for review). 
Andersson et al., (1999) reported that PCBs, which exhibit oestrogenic activity in 
vertebrates, are capable of inhibiting the natural moult cycle of the water flea, D. 
magna, possibly by forming inactive complexes with the ecdysone receptor (EcR). 
More recently Jones et al., (2002) observered that although 4-0H PCB 30 did not bind 
to the EcR ligand binding site it did inhibit PoA induced gene expression in a non-
competitive antagonistic manner. 
As previously discussed, P AHs appear capable of disrupting the HPG-axis of 
fish (Evanson and Van der K.raak 2001). Other studies have reported altered moulting 
patterns in crabs exposed to crude oil (Karinen and Rice, 1974) and that the sensitivity 
to such effects varied with the moult cycle (Mothershead and Hale, 1992). It was 
proposed that such variation either arose from increased water uptake during moulting 
or possibly via increased ecdysone metabolism by P450s leading to a decrease in 
polyaromatic hydrocarbon (P AH) metabolism. It is likely that exposure to P AHs results 
in an induction of CYP1A-like protein resulting in fewer reactive PAH metabolites. 
(Fossi et al., 1996; Carman and Todaro, 1996). However, the effects of P AHs on 
physiological processes of crustacean such as moulting, growth and development cannot 
be solely attributed to CYPIA-like protein induction. 
Oberdorster et al. (1999) reported that certain P AHs and PCBs did not activate 
ecdysteroid dependent gene expression or cell differentiation by themselves in vitro. ln 
was noted, however, that they were capable of enhancing the effect of natural 
ecdysteroids, probably through non receptor-mediated process (Oberdorster et al., 
1999). Such studies suggest that PCBs and P AHs may be able to enhance cellular 
signalling pathways, such as MAP kinases, resulting in an increased response from 
42 
endogenous hormones. Altemativly exposure to P AHs and PCBs may pnme 
intracellular P450 detoxification pathways leading to an increase in the metabolism of 
endogenous ecdysteroids producing more potent EcR antagonists (Oberdorster et al., 
1999). 
Dinan (200 I), in a review of the ability of environmental chemicals to interact 
with the EcR, reported that only the P AH, fluoranthere (Figure 1.5), represented a weak 
antagonistic of the EcR. However, even weak EcR agonists, such as the 
bisacyhydrazines methoxyfenozide (RH2485) and tebufenozide (RH5992)(Figure 1.5) 
can, due to their slow rate of metabolism, accumulate in arthropods to levels sufficient 
to disrupt the natural moul cycle leading to death (Carlson, 2000; Carlson et al., 2001). 
Consequently any compound which appears to have only weak anonistic or antagonistic 
action may disrupt moulting and development of individuals in the environment. 
Evidence from a recently developed in vitro ecdysone receptor assay indicated 
that while neither natural nor synthetic oestrogens/androgens bind to the EcR, certain 
xeno-oestrogens including Bisphenol A, diethylphthalate, lindane and 4-NP (Figure 
1.3) were weak EcR antagonists possibly via interaction with the EcR ligand binding 
site (Dinan, 2001). Similarly both E2 and the synthetic oestrogen, DES, have been 
shown to act as weak antagonists of the EcR by inhibiting the binding of Ponasterone A 
to the EcR (Nakagawa et al., 2000). While this has been reported in vitro at relatively 
high concentrations it remains to be seen if such inhibition occurs in vivo and whether 
these chemicals inhibit the binding of20-E to the EcR. 
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Table 1.1 Brief summary of metals, chemicals and compounds implicated as having a detrimental effect on the hormonal systems of aquatic invertebrates 
Chemicals Species Effects Reference 
Metals 
Cd Mytilus edu/is Impairs gonad follicle development I(Kluytmans et al. 1988) 
Cd Strongylocentrotus I.rnpairs oogenesis (Gnezdilova et al. , 1984) 
intermedius 
Cd/Zn Asteria rubens Alters steroid metabolism I(Voogt et al. , 1987) 
Cd Daphnia magna lncreases ecdysteroid titres ICBodar et al. , 1990) 
Cd Procambarus c/arkii Hyperglycaemia (Inhibition of CHH) (Reddy et al., 1994) 
Uca pugilator I (Reddy et al., 1 996) 
Cd Procambarus clarkii Reduced fecundity and hatching success I(Naqvi and Howell, 1993) 
Hg Uca pugilator Inhibits limb regeneration and moulting I(Weiss, 1977) (Weiss, 1978) 
Hg Procambarus clarkii Inhibits ovarian maturation I (Reddy et al., l 997) 
Zn Uca pugilator Inhibits limb regeneration and moulting ICWeiss, 1980) 
Selenium Daphnia magna Inhibits moulting I(Schultz et al., 1980) 
TBTO Caridina rajadhari Inhibits limb regeneration I(Reddy et al. , 1991) 
TBTO Mytilus edulis Perturbation ofNitric Oxide response !(Smith et al., 2000) 
TBT Nuce/la lapilus Imposex - Altered steroid metabolism I(Bryan et al., 1987; Gibbs et al., 1987; Gibbs et al., 1991) 
TBT Mytilus edulis Cytotoxic and genotoxic during embryonic and larval development (Jha et al. , 2000) 
Platynereis dumeril/i 
Alkylphenols 
4-NP Corophium volutator Reduced survival, growth and developmental abnormalities !(Brown et al., 1999) 
4-NP Balanus amphitrite Reduced settlement success I(Billinghurst el al., 1998) 
4-NP Elminius modestus Disrupted timing of larval settlement (Billing burst et al., 200 1) 
4-NP Crassostrea gigas Delayed development of Larvae and reduced survival of Larvae (Nice et al., 2000) 
Development abnormalities in larvae 
4-NP Dinophilus gyrociliatus Reduced survival and fecundity (Price and Depledge 1998) 
4-NP Chironomus riparius Inverse response curve for vitellogenin expression in males (Hahn et al., 20022 
4-NP Daphnia maf[na Developmental deformities (Shurin and Dodson, 1 997) 
4-NP Chironomus tentans Reduced survival and increased egg mass deformities (Kahl et al. , 1997) 
4-NP Daphnia magna Reduced offspring fecundity & metabolic elimination of (Baldwin et al. , 1997) 
testosterone 
Bisphenol a sponges Developmental abnormities Reduced growth rates. (Hill et al., 2002) 
Bisphenol a Chironomus riparius Reduced Vtg expression in males I(Hahn et al. , 2002) 
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Table 1.1 (Continued) Brief summary of metals, chemicals and compounds implicated as having a detrimental effect on the hormonal systems of aquatic invertebrates 
Chemicals I Species Effects Reference 
PCBs and P AHs 
Benzene Callinectes sapidus Inhibits moulting and limb regeneration r Cantelmo et al. , 1981) 
PCB Asteria rubens Developmental abnormalities in larvae den Besten et al., 1989) 
PCB Asteria rubens Alters steroid metabolism den Besten et al., 1991) 
Aroclor 1242 Uca pugi/ator Inhibits chltobiase activity Zou and Fingerman, 1999b) 
Aroclor 1242 Uca pugilator Suppresses norepinephrine release Hanumante et al., 1981) 
Aroclor 1242 Uca pugilator Inhibits moulting and limb regeneration (Fingerman and Fingerman, 1977; Fingerman and 
Fingerman, 1980) · 
Napththalene Uca pugi/ator Hyperglycaemia (CHH stimulation) (Reddy et al., 1996) 
Napththalene Procambarus c/arkii Ovarian Atresia Sarojini et al., 1995) 
Herbicides 
Atrazine Gammarus fasciatus Impairs reproduction Macek et al., 1976) 
Insecticides 
Endrin Palaemonetes pugio Delays onset of spawning and reduces embryo viability Tyler-Scbroeder, 1979) 
Ditlubenzuron Uca pugilator Inhibits moulting and development and reduces survival reunningham and Myers, 1987) 
Ditlubenzuron Eurytemora affinis Inhibits development and growth of larvae Savitz et al., 1994) 
methoprene Callinectes sapidus Alters exocytosis and deposition of cuticular components (Horst and Walker, 1999) 
methoprene Daphnia magna Affects moulting, reproduction and growth Olmstead and LeBlanc, 200 1) 
Endosulfan Uca pugi/ator Inhibits chitobiase activity rzou and Fingennan, 1999b) 
DDT Dreissena polymorpha Degeneration of oocvtes (BineUi et al., 2001) 
tebufenozide Chironomus riparius Inhibition of pupation, emergence with sexually dimorphic mortality (Hahn et al., 200 1) 
methomyl, alachlor, arbofuran, Rhithropanopeus harrisii Abnormal limb regenerates fClare et al., 1992) 
tebufenozide Chironomus riparius Reduced vitellogenin expression in males fHahn et al., 2002) 
Mixtures : eg. 
STP Effluent Harpacticoid Copepods Intersex characteristics (Moore and Stevenson, 1991; Moore and 
Stevenson, 1994) 
Natural and synthetic steroids 
DES (diethystilbestrol) Daphnia magna Inhibits moulting (F1) and reduces fecundity (F2) fBaldwin et al., 1995) 
EE ( ethinylestradiol) Hyalella azteca Aberrations of the reproductive tract (Vandenbergh et al., 2003) 
Disturbed maturation of germ cells and disturbed spermatogenesis 
E2 (17~-oestradiol) Elminius modestus Disrupted timing of larval settlement (Billinghurst et al., 2001) 
E2 Balanus amphitrite Reduced settlement success ICBillinghurst et al., 1998) 
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While many xeno-oestrogens are structually different to ecdysteroids several 
plant derived phyto-oestrogens, like makisterone (Figure 1.5), are structurally similar to 
ecdysteroids containing the entire cholesterol skeleton and side chain (Luu and Wemer, 
1995). The current evidence for biologically significant interaction between phyto-
oestrogens and the ecdysteroid receptor in invertebrates, however remains equivocal 
(Dinan et al., 2001; Oberdorster et al., 2001). 
The ability of any compound to inhibit hormone entry into the cell, hormone-
receptor intemction, DNA-receptor binding or transcription/translation will for all 
pmctical purposes appear as a receptor antagonist (Dinan et al., 2001). Consequently, 
although direct intemction with the EcR is unlikely there are a multitude of mechanisms 
by which xeno-oestrogens may disrupt the endocrine system of Crustacea as EcR 
antagonists. Moreover it remains to be seen whether the antagonistic action of xeno-
oestrogens results from agonistic/antagonistic interaction with USP; which currently 
remains an orphan receptor. 
Role and advantages of Biomarkers 
Monitoring the levels of contamination from pollution in the environment has 
previously relied on chemical analyses. However over the past 20 years it has become 
apparent that this is both excessively costly and not necessarily effective in quantifying 
the effects of EDCs, which may have deleterious effects at extremely low 
concentrations. There has subsequently been a move to identify and develop biomarkers 
as monitoring tools. Presently a variety of biomarkers have been developed to provide 
diagnostic tools for identifying exposure to chemical and environmental stresses. 
Biomarkers can be defined as 
" a xenobiotically induced variation in cellular or biochemical components, 
structures or functions that is measurable in a biological system or sample" 
(NRC, 1987). 
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Biomarkers have several advantages over chemical monitoring; a) responses 
may indicate presence of biologically available contaminants as opposed to inert forms, 
b) combining a suite of biomarkers offers a broad screening approach for detecting 
unsuspected or novel contaminants, c) biological responses often persist long after 
transient exposure to xenobiotics, which may have been modified, degraded or 
dispersed allowing tempoml and spatial monitoring, d) biomarkers are typically cheaper 
and easier to use than chemical monitoring, particularly in the long term (Wedderburn et 
al., 2000; Handy et al., 2003). 
Morphological, developmental and physiological abnormalities in aquatic 
vertebrates have been linked to exposure to exogenous, synthetic and xeno-oestrogens 
(Harries et al., 1997; Christiansen et al., 1998; Christensen et al., 1999; lguchi et al., 
2001). In many cases these perturbations suggest responses indicative of a mode of 
action on the endogenous hormonal systems by xenobiotics. However, only a few of the 
bioassay systems currently available are capable of detecting the affinity or suppressive 
nature of xenobiotics in relation to hormone receptor bindingAs previously discussed, 
the majority of biomarkers currently available for use within the aquatic environment 
relate to the action of xenobiotics, particularly steroidal hormones or their analogues, on 
fish. These biomarkers include gonad abnormalities (Jobling et al., 1996; Jobling et al., 
1998; Simpson et al., 2000; Rodgers-Gray et al., 2001; Andersen et al., 2003; Kinnberg 
et al., 2003), alterations in titres of sex steroids (Folmar et al., 1996; Folmar et al., 
2001; McMaster et al., 2001) and the induction of a male specific protein (spiggin) in 
gobies exposed to androgens (Alien et al., 2002). However the induction ofVtg in male 
fish has become the benchmark biomarker of oestrogenic contamination in the aquatic 
environment. 
Vitellogenin (Vtg) is a high density phospholipo-glycoprotein present in the sera 
of oviparous animals. In vertebrates, Vtg is produced in the liver via the receptor 
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mediated action of natural oestradiol (Figure 1.2). Vtg is secreted into the serum, and 
transported to the ovary, where it is sequestered by developing oocytes via receptor 
mediated endocytosis (Jones et al., 2000). Once inside the egg, Vtg is proteolytically 
cleaved to form the primary egg yolk protein, Iipovitellin (Vt), and phosvitin (Ciemens, 
1978). Although the gene encoding Vtg is present in the liver of both males and 
females, synthesis normally only occurs in mature females where the level of 
endogenous oestrogens is high enough to cause gene activation (Wallace, 1985). As a 
consequence of the presence of the Vtg gene in the liver of male non-mammalian 
vertebrates, the liver will synthesise Vtg following sufficient exposure to either natural 
oestrogens or oestrogen agonists. Males are unable to store Vtg in oocytes however, so 
it is accumulated in the plasma until it is broken down by proteases (Denslow et al., 
1999). Normally in males the titre of natural oestrogen is very low, however male fish 
from a variety of species have been observed to produce elevated levels of Vtg in 
response to exposure to natural and xeno-oestrogens (Purdom et al., 1994; Sumpter and 
Jobling, 1995; Tyler et al., 1996; Lye et al., 1997; Alien et al., 2002). A similar assay 
for the synthesis of eggshell zona radiata proteins in the plasma of male fish has been 
shown to be as reliable as Vtg induction but potentially represents a more sensitive 
biomarker of oestrogen exposure (Arukwe et al., 1998; Arukwe et al., 2000). 
In contrast to vertebrates, routine ecotoxicological assessments grossly neglecte 
the potential pollutant impacts on representatives of the invertebrate phyla (Depledge 
and Billinghurst, 1999; Pinder et al., 1999). More recently the cladoceran D. magna has 
been incorporated into the assessment procedures for freshwater systems (EPA, 1998). 
Despite this, however, there is still a paucity of information relating to the potential 
impacts of xenobiotics on marine invertebrates. Evidence for endocrine disruption in 
terrestrial or aquatic invertebrates directly associated with an established mode of 
action, is sparse. 
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Biomarkers of endocrine disruption in invertebrates 
Imposex in molluscs arising from exposure to tributyltin (TBT) has been linked 
to disturbances in the metabolic pathways regulating hormone activity of several species 
(Gibbs and Bryan, 1986; Gibbs et al., 1991; Sole et al., 1998; Evans et al., 2000; 
Morcillo and Porte, 2000). In part TBT exhibits behaviour based on its lipophilic 
characteristics rather than on affinities for charged ligands and freely enters the soft 
lipid rich bodies of animals. (Kennedy, 1996). In gastropod molluscs imposex appears 
to be a consequence of the naturally slow endogenous metabolism ofTBT, coupled with 
an inhibitory effect on the activity of cytochrome P450 (P450) mono-oxygenases (Lee, 
1991 ). These two processes in conjunction result in a reduced capability of exposed 
organisms to convert testosterone to 17~-oestradiol, resulting in androgenisation 
(Oberdorster et al., 1998a). More recently, TBT exposure has been reported to promote 
abnormal release of the neuropeptide, APGWamide, a putative penis maturation factor, 
in llanassa obsoleta (Oberdorster and McClellan-Green, 2000). In conjunction, these 
findings support the model proposed by Oberdorster and McClellan-Green (2000) 
whereby TBT initiates release of the neuropeptide, APGWamide, from the pedal 
ganglia which acts as a penis maturation factor, leading to development of the male 
accessory sex organs. The accessory sex organs inturn produce androgens which via a 
positive feedback mechanism promote further development (Figure 1.6). 
It would appear, therefore, that TBT initiates imposex by its stimulatory effects 
on APGWamide secretion and these effects are compounded by the inhibition of 
aromatase, by TBT, downstream leading to an accumulation of testosterone which 
inturn contributes to the feedback mechanism (Figure 1.6). 
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Figure 1.6 Proposed mechanism for induction of imposex by tributyltin (TBT) and 
exogenous steroids in gastropods. TBT acts on both the nervous system promoting release 
of the neurohormone APGWamide and through inhibition of aromatase activity resulting 
in androgen accumulation. Exogenous steroids testosterone and estradiol act via 
interference with feedback mechanisms. (ASO) Accessory sex organs;(+) stimulation; (-) 
inhibition. (adapted from Oberdorster and McClellan-Green, 2000) 
This is in contrast to the effects of TBT on the crustacean D. magna, which can 
effectively biotransform testosterone into a variety of hydroxylated, oxido-reduced and 
conjugated derivatives. The major conjugate of testosterone in D. magna is glucose-
conjugated. Exposure of D. magna to TBT results in a general increase in the 
elimination rate of oxido-reduced, hydroxylated, and glucose-conjugated derivatives of 
testosterone (Oberdorster et al. , 1998c; LeBlanc and McLachlan, 2000). However, TBT 
exposure has little effect on the elimination rates of the subsequent glucose-conjugated 
forms of the oxide-reduced and hydroxylated derivatives of testosterone (LeBlanc and 
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McLachlan, 2000). Consequently the proportion of oxide-reduced and hydroxylated 
testosterone metabolites eliminated as glucose conjugates decreases, leading to an 
overall accumulation of oxido-reduced testosterone derivatives, which are preferentially 
retained in the organism, leading to androgenisation. Similar situations occur in D. 
magna exposed to 4-NP (Bald win et al., 1997) and pentachlorophenol (PCP) (Parks and 
LeBlanc, 1996), where exposure inhibits metabolic elimination of testosterone and 
increases the conversion of testosterone to oxido-reduced derivatives which are 
preferentially retained leading to metabolic andogenisation. 
The primary difficulty in establishing suitable endpoints to assess endocrine 
disruption in the majority of invertebrate taxa, is the limited or insufficient knowledge 
relating to their endocrinology (Segner et al., 2003). Overall, with the exception of 
insects, molluscs and crustaceans, the endocrinology of many invertebrates is poorly 
understood. Consequently although a range of morphological, developmental, 
genotoxic, cytotoxic immunocompentancy, multi-xenobiotic resistance (MXR) and 
physiological responses have been proposed as biomarkers for pollutant exposure in 
aquatic invertebrates, the majority are limited to molluscs and Crustacea (Table 1.2 ). 
While genotoxic, cytotoxic, MXR, immunological, neuro-endocrine and most of 
the physiological assays currently available offer a good indication of the general 
toxicity of pollutants they frequently fail to indicate a specific mode of action. An 
alternative approach is to develop in vitro biomarkers with a single and specific mode of 
action. This is particularly useful for natural, synthetic and xeno-oestrogens which due 
to their specific mode of action permit the development of in vitro bioassays assays. 
The E-Screen assay developed by Soto et al. ( 1995) measures the proliferation 
of a mammalian cell line following stimulation of oestrogen receptors by putative xeno-
oestrogens. The yeast estrogen screen (YES) is a simple colourimetric assay which 
utilises a genetically modified form of yeast, which is responsive to oestrogens (Amold 
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et al., 1996). Both techniques however, require specialised equipment and due to the 
genetically modified nature of the YES assay, universal use of the technique is 
frequently restricted by strict regulatory guidelines. 
Some currently available biomarkers, while specific to a mode of action, are also 
indicative of a general toxic response. Metallothioneins, for example, are proteins which 
bind to trace metals and present a biomarker indicative of trace metal exposure 
(Hogstand and Haux, 1990). However, synthesis of metallothionein is a response to 
toxic levels of trace metals after natural regulatory processes have become insufficient. 
Consequently, metallothionein levels may reflect deleterious effects of xenobiotics on 
other related processes, like the natural buffering capacity of the organism, and not 
specifically endogenous metal loading (Handy et al., 2003). Furthermore, the induction 
of Vtg synthesis in male fish on exposure to exogenous oestrogens also alters 
metallothionein expression (Wemer et al., 2003). Zinc (Zn) is required, regardless of 
sex (see above), for Vtg synthesis (Vallee, 1991; Olsson et al., 1995) and variation in 
the levels of metallothionein may present a mechanism by which Zn is made available 
for Vtg syntheis. In support of this Zn levels in pristine fish have been observed to 
decline during vitellogenesis and prior to spawning (Banks et al., 1999). The precise 
mechanism by which oestrogens alter MT levels remains equivocal. However, it has 
been suggested that oestrogens either affect MT expression at the 
transcriptional/translational level or that Zn incorporation into Vtg takes presidence over 
binding to MT subsequently leading to down regulation ofMT synthesis (Wemer et al., 
2003). In either case an alteration in the levels of endogenous metallothioneins arises in 
fish following exposure to exogenous oestrogens. 
Consequently although specific to a mode of action, biomarker responses may 
not be directly related to a specific contaminant. Similarly the YES and E-Screen assays 
are of limited value since, although they indicate the oestrogenic activity of a 
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compound, they can not assess hormonal disturbances which do not directly involve the 
oestrogen receptor. Furthermore, the results from the YES and E-Screen are frequently 
of little ecological value since they fail to consider the effects of a pollutant or mixture 
of pollutants on either the whole organism or on population dynamics. 
An exception to the use of neuro-endocrine biomarkers as a general indicator of 
pollutant exposure is that of acetylcholinesterase inhibition. The inhibition of 
acetylcholinesterase arising from exposure to organophosphorous pesticides offers a 
particularly good biomarker of exposure since the resultant effects are directly related to 
a reduction in neurotransmission essential to the natural function of cells, tissues and the 
whole organism (Handy et al., 2003). Furthermore the use of acetylcholinesterase has 
proved an effective, rapid and reliable biomarker of organophosphate pollution in 
different species in the field (den Besten et al., 2001; Galloway et al., 2002). 
Larval storage proteins as biomarkers ofxeno-oestrogen exposure 
Larval stages undergo rapid cellular differentiation, making them highly 
susceptible to the inappropriate action of xenobiotics (Kennedy, 1996). The ability of 
heavy metals to inhibit RNA-polymerase (Hidalgo et al., 1976) is therefore consistent 
with their detrimental effects on development, particularly during larval stages (His et 
al., 1999; Marino-Balsa et al., 2000). Moreover, invertebrate embryos and larvae are 
highly susceptible to water borne pollutants due to their high surface area to volume 
ratio (Akberali and Trueman, 1985; Thain, 1991 ). 
Shimizu et al. ( l996b) identified a vitellin-like protein, termed cyprid major 
protein (CMP), in the larvae of Ea/anus amphitrite. It was postulated that CMP acts as a 
storage protein prior to metamorphosis, similar to the role of hexamerins in insects and 
that due to its structural and immunological similarity to adult vitellin, CMP expression 
and regulation may be under oestrogenic control (Shimizu et al., 1996b ). 
53 
Table 1.2 Summary of potential biomarkers proposed for monitoring endocrine disruption in aquatic invertebrates 
Biomarker Species Chemicals Proposed Mode of Action Reference 
Morphological 
length of2°0 antennae Corophium volutator 4-NP Undetermined (possibly androgenic gland interaction) (Brown et al. , 1999) 
Intersex characteristics Paramphiascella hyp erborea STP Waste Undetermined I(Moore and Steven:son, 1991) 
Hinge Deformity Crassostrea g igas 4-NP Disruption of calcium metabolism and mobilisation I(Nice et al. , 2000) 
Oocyte malformations Gammarus pulex STP Waste Oestrogenic 
lmposex Characteristics fly anassa obsolete TBT Inhibition of cytochrome P-450 systems and (OberdOrster et al., 1998a) Nucella lapillus glutathione S-transferases (Lee, 1991) 
Daphnia magna TBT Androgenic via altered testosterone metabolism (LeBianc and McLachlan, 2000) 
Developmental 
Arrested development Palaemonetes pugio methoprene Juvenile hormone mimic (McKenney and Matthews, 1990) 
Inhibited moulting_ Daphnia magna Endosulfan, DES Interaction with ecdysteroid receptor I(Zou and Fingerman, 1997a) 
Delayed development Crassostrea gigas 4-NP Disru_ption of calcium metabolism and mobilisation I (Nice et al., 2000) 
Biochemical 
Vtg expression (females) Palaemonetes pugio Pyre ne Oestrogenic (possibly a toxic response} I(OberdOrster et al., 2000a)_ 
CMP Balanus amphitrite 4-NP Undetermined I(Billinghurst et al. , 2000) 
Nitric Oxide Mytilus edulis TBTO Stress response i(Smith et al., 2000) 
CYP lA Mytilus galloprovincialis Aroclor 1254 Induction and/or upregulation ofMFO system I (I ivingstone et al. , 1997) 
Stress proteins Vertebrates and inverts Various For review (Lewis et al. , 1999) 
Genotoxic I(Livingstone et al. , 2000) 
Comet Assay IMytilus edulis Cu and 1-nitropyrene DNA single strand breakage I(Mitcbelmore et al., 1998) 
Alkaline elution IMytilus galloprovincialis Benzo{a}-pyrene DNA single strand breakage I(Bihari et al., 1990) 
Cytotoxic 
Lysosomal pathology IMytilus sp. F1uranthene Integrity of lysosomal membrane compromised l(kowe et al., 19951 
Physiological 
Respiratory/cardiovascular I Various Various . (Handy and Depledge, 1999) 
lmmunocompentancy 
Haemocytes number Mytilus edulis Phenol General imrnunotoxic response (Renwrantz, 1990) Fluranthene (Coles et al. , 1994) 
Multi-Drug Resistance 
Mytilus edulis Vincristine Increased expression/activity as a toxic response (Minier and Moore, 1996) 
MXR-protein activity M. galloprovincialis Pesticides (Galgani et al. , 1996) 
M. cali(ornianus PCB [(Cornwall et al., 1995) 
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Levels of CMP were later reported to be modified by exposure to the 
oestrogenic alkylphenolic compound 4-nonylphenol ( 4-NP) and the natural oestrogen 
17P-oestradiol (E2) (Billinghurst et al., 2000). Moreover, the adverse effects on the 
development and settlement of larvae exposed to comparable concentrations of 
nonylphenol (-1 j.lg L"1), may potentially have detrimental effect on population 
dynamics. Similar adverse effects on the larval development of the bivalve Crassostrea 
gigas arising from exposure to 4-NP have also been reported (Nice et al., 2000). Thus 
certain xeno-oestrogens are at least capable of interfering with the hormonally 
controlled developmental processes of molluscan and crustacean larvae. Therefore, if 
CMP-like storage proteins exist in other invertebrate species, they may represent highly 
sensitive biomarkers of exposure to xeno-oestrogens. At present, however, the potential 
for vertebrate-type hormones to influence the hormonal control systems of both larval 
and adult crustaceans remains unclear. 
Due to the specific nature of the interaction with the vertebrate oestrogen 
receptor in vivo and its ease of use, Vtg induction in fish remains the most reliable 
biomarker of exposure to oestrogenic contamination in aquatic environments (Sole et 
al., 2001; Hansen et al., 1998). To date, imposex in neogastropods remains the primary 
indication that endocrine disruption occurs in aquatic invertebrates in the wild and that 
this has an adverse effect on the population . 
Assessing the potential endocrine disruptive effects of chemicals for which 
natural receptors may not even be present in the target species initially requires a 
general approach relying on interactive organism responses such as behaviour, 
development, reproduction and life table characteristics instead of specific molecular 
endpoints. This study aimed to establish if xeno-oestrogens pose a risk to crustacean 
reproduction and development, and if so, to develop biomarkers for monitoring 
55 
deleterious effects. To achieve this two model species, representative of decapod 
Crustacea present in estuarine and coastal waters of the United Kingdom, were selected. 
Study invertebrates 
The shore crab, Carcinus maenas, inhabits boreal coastal areas ranging from 
Norway to the west coast of Africa, although populations are now established on both 
the Atlantic and Pacific coasts ofNorth America (Cohen et al., 1995). C. maenas larvae 
pass through 4 zoeal stages and the megalopal stage prior to metamorphosis into 
juveniles (Rice and lngle, 1975). The rockpool prawn, Pa/aemon e/egans, has a similar 
range to C. maenas, extending from the southwest coast of Norway to the west coast of 
Africa. Like C. maenas, P. elegans inhabits the intertidal zone, particularly in rocky 
shore environments. The larvae pass through 6-9 zoeal stages depending on temperature 
and food availability prior to metamorphosis into the postlarval stage (Fincham, 1977; 
Carli, 1978). Both C. maenas and P. elegans are common throughout the U.K. and their 
larvae are abundant in estuarine and coastal waters between May and September. 
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Aims and Objectives: 
The specific aims and objectives of this study were: 
1. Isolate, purify and characterise lipovitellin from 2 model decapod crustaceans, 
Pa/aemon elegans and Carcinus maenas and to produce polyclonal antisera 
against lipovitellin and apolipovitellin for subsequent evaluation of 
immunological biomarkers in crustacea indicative of exposure to xeno-
oestrogens. Subsequent to this, the cross reactivity of the polyclonal antisera 
produced in this study would be evaluated for their potential use in assessing 
similar aberrations in protein expression arising from endocrine disruption in 
other invertebrate phyla. 
2. Identify, using the polyclonal antisera produced in this study, whether female 
specific proteins exist in the haemolymph of the adult model decapods. 
3. Ascertain the acute toxicity of a known xeno-oestrogen (4-NP) to individual 
larval stages of the model crustacean species using static exposure trials and to 
identify potentially highly sensitive larval stages. This is to be conducted in 
conjunction with analysis (GC-MS) of the water samples used in exposure trials 
to ascertain time dependant concentrations for subsequent evaluation of actual 
exposure concentrations. 
4. Investigate the effects of chronic exposure to oestrogenic compounds at 
environmentally realistic levels on the development, survival, growth and 
subsequent reproductive ability oflarvae from the two model decapods. 
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5. Using the antisera developed against vitellin; investigate whether decapod larvae 
possess putative storage proteins comparable to CMP and if so, whether their 
levels are influenced by exposure to environmentally realistic levels of 
oestrogenic compounds present in the environment. Furthermore should 
alterations in protein expression be detected, are these effects consistent with 
any perturbations in the normal development of decapod larvae exposed to 
comparable concentrations of oestrogenic compounds .. 
6. To investigate if abnormal expression, or induction in males, of female-specific 
proteins in crustacean haemolymph are suitable biomarkers of exposure to a 
variety of oestrogenic compounds in both the laboratory and the field. If so, do 
these perturbations represent viable biomarkers for monitoring oestrogenic 
contamination in the marine environment? 
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2 General Methodology 
2.1 Larval Culture 
Laboratory cultures of the shore crab, Carcinus maenas and the prawn, 
Palaemon e/egans, were acquired from animals collected within the inter-tidal region of 
Wembury Beach in Devon (U.K.). C. maenas larvae were obtained from recently 
berried females (orange eggs) of >3.5 cm carapace width collected on spring tides 
between February and October. P. e/egans larvae were provided by recently gravid 
females (green eggs) with a carapace length >2.0 cm and collected on spring and neap 
tides between April and mid- September. Larval cultures were always conducted in 
glass vessels at 15 ± I °C. Seawater (31-33 ppt.) was supplied via an offshore pipeline 
incorporating a seabed sand filter and stored in three connected 1000 L aged plastic 
tanks. Immediately prior to use, the seawater was filtered through lOJlm and lJlm 
filters followed by UV -irradiation (Clare, 1996). 
Carcinus maenas 
Berried females were maintained in 30 L glass tanks containing filtered seawater 
and fed fresh mussel (Mytilus edulis) daily until the eggs developed. Individual females 
were transferred to 2 L vessels just prior to egg hatching. Typically hatching occurred at 
night, on or around spring or neap high tide. Once hatching of the eggs had started, 
individual proto-zoea larvae were collected with a wide bore pipette and transferred to a 
separate 5 L glass tray and allowed to moult to the first zoea stage (Zl). Upon reaching 
this stage, individuals were transferred to a separate 5 L vessel prior to distribution 
between exposure experiments or batch cultures. 
Batch cultures were conducted to obtain individual larval stages for toxicity 
trials or immunological studies. Recently developed Zl larvae were transferred to I L 
glass beakers at 50 individuals (ind.) L-1• The seawater was aerated via glass tubes and 
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the larvae were fed with Artemia sp. (Sanders, Utah) nauplii at 12-15 ind. mr'. A 
complete water exchange was conducted daily with dead larvae being removed and 
fresh Artemia sp. added. Batch cultures were maintained at 15°C with overhead lighting 
set to an ambient square wave pattern during development (approx 16L:8D summer-
7L: 17D winter). The larval stage was ascertained using a magnifying glass (x4) up to 
Z3 and with the use of a binocular dissecting microscope (x10) between Z3 and Z4 and 
identified according to Rice and lngle (1975). 
Palaemon e/egans 
Individual gravid females were maintained in 1 L covered glass beakers 
containing aerated filtered seawater and fed mussel tissue until the eggs hatched. 
Within 12 h of hatching, larvae were transferred to 5 L glass vessels prior to 
distribution between exposure experiments or batch cultures. Batch cultures were 
similar to those for C. maenas larvae, namely 1 L aerated cultures with 50 ind. L-1, 
fed on Artemia sp., maintained at 15°C under ambient lighting conditions and with 
daily water exchange. Identification of larval stages required the use of a binocular 
dissecting microscope (x10-30) with stages identified according to published 
descriptions (Rochanaburanon and Williamson, 1976; Fincham, 1977; Carli, 1978). 
2.2 Homogenisation and Extraction of Soluble Protein from Larvae 
Once the larvae of both species were removed from culture and staged, they 
were rinsed in sterile filtered seawater. All subsequent procedures were conducted either 
on ice or at 4°C. The larvae were briefly rinsed in homogenisation buffer (50 mM Tris-
HCI, pH. 7.5) and transferred to a microcentrifuge tube (Eppendort) to which a further 
1 00 Jll of homogenisation buffer was added. Where the samples were to be used for 
analysis using an ELISA procedure, a carbonate coating buffer (50 mM carbonate 
pH.9.6) was used as the homogenisation buffer. 
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The larvae were then homogenised with a micro-homogeniser (Pencil Mixer, 
DX, IUCHI, Japan) according to Billinghurst et al., (2000). The resultant homogenate 
was centrifuged at 10,000 g for 15 minutes after which the supernatant was removed 
and filtered through a 0.2 J.lffi Vectaspin micro-centrifuge filter (6833-0201, Whatman 
International, U.K.). The resultant filtrate was then assayed for total protein (see below) 
prior to storage at -80°C. 
2.3 Total Protein Assay 
Assessment of the soluble protein fraction of samples was performed according to 
a modified microtitre method using the Bio-Rad Protein Assay Reagent (Bio-Rad 
Labomtories Ltd, Hemel Hempstead, UK) (Bmdford, 1976). A calibration curve in the 
range 0.025-0.5 J.lg protein was produced using bovine serum albumen (BSA) (>99.9%) 
as the standard. Ten micro litres of soluble protein from each sample was applied to each 
well of a 96-well microtitre plate, reacted with 200 1-11 of assay reagent and the 
absorbance at 595 nm recorded using a microplate reader. Serial dilutions of samples 
were prepared to fall within the calibration range where necessary. Each assay was done 
in triplicate and protein concentrations were calculated using SOFTmax software (E-
max, Molecular Devices). 
2.4 SDS and Native PAGE 
After assaying for total protein, samples were diluted with the appropriate buffer 
to a final concentration of 1 mg (total soluble protein) ml-1• The required volume of 
sample was then mixed with an equal volume of cathode buffer (1% SDS, 1% 
mercaptoethanol, 50 mM Tris, pH 6.8, 20% glycerol, 0.001% bromophenol blue) and 
mixed thoroughly using a vortex. The sample was heated to 100°C for 3 minutes and 
allowed to cool prior to being subjected to SDS-PAGE. SDS-PAGE was performed 
using a discontinous buffer system (Laemmli, 1970). For each sample a known total 
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amount of soluble protein was loaded per lane onto a SOS-polyacrylamide mini-gel (6.5 
x 9cm, ATTO corp. Japan) incorporating a 7.5% resolving gel and 4.5% stacking gel. 
Where required, reference molecular weight markers of 205, 116, 97.4, 66, 45 and 29 
kDa (SDS.-6H, SIGMA) were applied. Electrophoresis was conducted at 20 mA for 1.5 
h. On completion, gels were either stained with Coomassie Brilliant Blue R (CBB-R) 
(0.25% CB B-R, 50% methanol, 10% acetic acid) for 1 h and de-stained (25% 
methanol, 7% acetic acid) or transferred to CAPS buffer (10 mM, pH 11) prior to 
western blotting. 
Native-polyacrylamide gel electrophoresis using Coomassie Brilliant Blue (CBB-R) 
As necessary, resolution of holoproteins of native proteins was conducted in a 
similar manner to SDS-P AGE but under non-denaturing conditions in the absence of 
SDS. Samples were diluted to 1 mg mr' and mixed in equal volume with a native 
cathode buffer (50 mM Tris, pH 6.8, 20% glycerol, 0.001% bromophenol blue) prior to 
loading on native gels. Native gels (15 x 15cm, ATTO, Japan) were produced with a 5% 
resolving gel and a 4.5% stacking gel with electrophoresis carried out at 40 mA for 4 h. 
After electrophoresis, gels were stained with 0.25% CBB-R for 2 h and de-stained prior 
to making a photographic record. 
2.5 Western and Dot Blotting 
Western Blotting 
Samples were subjected to 7.5 %SOS-PAGE and the resulting gel equilibrated 
by soaking in 10 mM CAPS, pH 11, for 30 min. Protein transfer to Flurotrans 
polyvinylidene-difluride (PVDF) membrane (PALL Europe Ltd. England) was 
conducted through a semi-dry procedure using CAPS buffer and a Horizblot apparatus 
(A TTO, Japan) according to the manufacturers instructions. Protein transfer was 
performed at 2 mA cm·2 for 2.5 h. Following blotting, polyacrylamide gels were stained 
with CB B-R to verify success of protein transfer. PVDF membranes were rinsed in Tris 
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buffered saline (TBS, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.5) and blocked in Casein 
solution (SP5020, Vector Laboratories lnc, U.S.A.) overnight at 4°C prior to 
immunostaining. 
lmmunostaining 
Probing of Western blots was conducted with custom polyclonal anti-vitellin 
antisera made in rabbits (Chapter 3). Two alternative secondary antibodies were used in 
this study. A secondary biotinylated antibody (anti-rabbit IgG, Vectastain) was used 
( 1: 1 0000) in conjunction with Vectorstain ABC-Amp (AK6000) according to Vector 
Laboratories Inc. procedure. Alternatively, anti-rabbit IgG alkaline phosphatase 
conjugate (Sigma, A3687) was used in a dilution series ( 1: 1000 - 1: 1 0000). Positive 
results were visualised by staining with 5-bromo-4-chloro-3-indolylphosphate/nitro blue 
tetrazolium (BCIP/NBT) using the SIGMA FAST substrate system (B5655) 
2.6 Stock Solutions, Chemicals and Data Analysis 
Stock solutions of 4-nonylphenol (4-NP, >99.9%) (Lancaster Chemicals, U.K.) 
and 17~-oestradiol (E2) were made monthly. The solubility of E2 in water is relatively 
low. Consequently, 10 mg m1" 1stock solutions were prepared in 25 ml glass vials by 
dissolving 50 mg of either 4-NP or E2 in 5 ml of acetone. Acetone was chosen as the 
carrier solvent over ethanol and methanol as it does not promote bacterial growth 
(Granmo et al., 1989). Glass vials were sealed with an airtight cap and maintained in the 
dark at room temperature. 
Chemicals 
All chemicals were provided by SIGMA-ALDRICH unless otherwise stated. All 
solvents were of glass distilled or HPLC grade. All chemicals used in electrophoresis 
were of molecular or analytical grade. 
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Artemia sp. 
Artemia sp. were acquired from Sanders Co. (Utah). Cysts were decapsulated 
by soaking in Sodium Hypochlorite (NaOCI; active chlorine 5-15%) at 150 ppm for 5-
30 minutes and rinsed thoroughly prior to hatching at 25°C, pH 8, in 2L of 5jlm filtered 
seawater. Where required, newly hatched nauplii, were fed at 15 ± I individuals ml" 1• 
Quantification of the molecular masses of holoproteins and polypeptides of interest 
Holoproteins and constituent polypeptides separated by PAGE, or SDS-PAGE 
(visualized with CBB-R) and immunoreactive proteins identified during 
immunostaining of Western blots, were digitised using the Multi-Genius system 
(Syngene bioimaging systems). The molecular masses of the proteins or polypeptides 
were detennined using GeneTools analysis software (Ver. 3.02.00) (Syngene 
bioimaging systems) calibrated against either commercial protein standards (SDS-6H, 
SIGMA) or polypeptides of a detennined size from purifi~d protein standards prior to 
Western blotting. 
Data Analyses 
All data analysis with the exception of the calculation of Median lethal 
concentration values (LC50) (Chapter 5) were perfonned using Minitab. Percentage data 
were arcsine transfonned prior to analysis. All data were checked for nonnality and 
checked for homogeneity of variance using Bartletts test, prior to analysis of variance 
(ANOVA). 
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3 Lipovitellin Isolation, Purification & Antisera Production 
3.1 Introduction 
Vitellogenin (Vtg) comprises of lipid and an apolipoprotein that serves both as a 
precursor to yolk protein in oviparous vertebrates and invertebrates (Byme et al., 1989) 
but also provides a mechanism for lipid transport to the developing oocytes (Ravid et 
al., 1999). In Crustacean Vtg most of the protein bound carbohydrates are hexosamines 
and hexoses while the lipid moiety is mainly comprised of glycolipids and 
phospholipids, forming a phosolipoglycoprotein (see Wilder et al., 2002 for review). 
In vertebrates, Vtg is transported from the liver, where it is synthesised, to the 
ovaries via the bloodstream where it enters developing oocytes (Figure 3 .1.1 ). In 
decapod crustaceans, however, the location ofVtg synthesis remains equivocal. In some 
species of penaeid pmwns there is strong evidence to indicate that follicle cells respond 
directly to gonad stimulating hormone (GSH) and are the principle site otvtg synthesis 
(Figure 3.1.1). In other decapods, including cmbs and caridean pmwns, Vtg appears to 
be synthesised primarily in the hepatopancreas, although the subepidermal adipose 
tissue may also provide a contribution, and is then transported to the ovary via the 
haemolymph (Fainzilber et al., 1992; Shafir et al., l992a; Shafir et al., 1992b). In both 
cases, on entering the developing oocytes crustacean Vtg is proteolytically cleaved by 
enzymes of the subtilisin family (Tsutsui et al., 2000) at 2-3 consensus cleavage sites 
(R-X-KIR-R) to form the subunits of vitellin (Byrne et al., 1989; Okuno et al., 2002). 
Vitellin, or more accurately lipovitellin (Vt), is a lipoprotein forming the major 
component of the egg yolk and provides a nutritional reserve for the developing embryo 
(Wallace et al., 1967). Decapod Vt differs from vertebrate Vt by containing a greater 
lipid content, typically around 30% of the mass (Wallace et al. 1967; Kerr, 1969), most 
of which, as with Vtg, is glycolipids and phospholipids (Lubzens et al., 1997; Fyffe and 
O'Connor, 1974; Tirumalai and Submmoniam 1992). 
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Figure 3.1.1. Schematic diagram of the differences in the sites of vitellogenin (Vtg) 
synthesis between vertebrates and Crustacea: Vt, lipovitellin; SAT, subepidermal adipose 
tissue; GSH, gonad stimulating hormone. (adapted from Wilder et al., 2002) 
Furthermore, during oocyte maturation decapod ovaries accumulate a variety of 
carotenoid pigments such as beta-carotene (orange) (W allace et al., 1967), 
theastaxanthine (green) (Zagalsky, 1985) or canthaxanthin (blue) (Zagalsky and 
Gilcbrist, 1976) either by direct linkage to amino groups or via esterfication to the fatty 
acids associated with Vt to form a phospholipoglyco-carotenoprotein (Cheesman et al., 
1967; Zagalsky et al., 1990). The exact role of carotenoids associated with ovarian 
proteins remains unclear, however, it has been proposed that they a) protect against 
radiation, b) provide pigmentation to the egg cuticle, c) act as antioxidants or a source 
of provitamin A, d) act as precursors for retinoic acic and retinol (Mi.ki et al., 1994; 
Dall, 1995; Lidan-Cabello et al., 2002) 
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Mounting concern over the action of anthropogenic chemicals on the endocrine 
function of humans and wildlife (Colburn et al., 1993) has led to an increasing interest 
in the use of abnormal Vtg synthesis in males as a biomarker of exposure to xeno-
oestrogens. Vitellogenesis and ovarian maturation in both vertebrates and invertebrates 
is under hormonal control. In vertebrates vitellogenesis is induced by 17~-oestradiol, 
while in crustaceans vitellogenesis is controlled by the complex interaction of 
ecdysteroids and peptide hormones (Charniaux-Cotton, 1985; Subramoniam, 2000) (see 
chapter 1). 
Vt and Vtg have been isolated from a diverse number of teleost species 
(Norberg, 1995; Tyler et al., 1996; Roubal et al., 1997; Sole et al., 2000b; Silversand 
and Haux, 1989; Nagler and Idler, 1990). Vtg circulates in the plasma of fish, in the 
form of dimeric proteins ranging from 300-550 kDa and typically comprise of 2 
polypeptides with molecular masses of 150-250 kDa. The interaction of xeno-
oestrogens with oestrogen receptors in the liver of male fish, resulting in gene 
transcription and leading to Vtg synthesis, has become widely used as a monitoring tool 
for-endocrine disruption in fish (Sumpter and Job ling, 1995; Harries et al., 1997; Alien 
et al., 2002). 
Vt has been purified from a number of invertebrates, including insects 
(Venugopal and Kumar, 1999; Lamy, 1984; Prasath and Subramoniam, 1991) sea 
urchins (Unuma et al., 1998) and both terrestrial (Barre et al., 1991) and aquatic 
molluscs (Gagne et al., 200lc). With regard to aquatic invertebrates, however, the 
greatest understanding of the structure and composition of Vt relates to that found in 
Crustacea. Crustacean Vt typically has a molecular mass of between 300-560 kDa and 
is composed of 3-6 subunits, usually between 68 and 220 kDa. A summary of the 
current information relating to the structure of crustacean Vt is presented in Table 3.1. 
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Table 3.1. Molecular masses of vitellin (Vt), vitellogenin (Vtg) and their subur1its in marine Crustacea. 
*Values ascertained by MALDI-TOF: { } possible doublets, NR: Not reported 
Species Protein Molecular mass (kDa) Reference 
Native Subunits 
Prawns 
Penaeus monodon Vt 540 168,1 04,90,83, 74 (Quinitio et al., 1990) 
492 9 1 ,82,68,64,58,49,45,35 (Chaog et al., 1993a) 
Vtg NR 168,104,83,74 (Cheo and Chen, 1994) 
NR 170,82 (Chang et al. , 1994) 
NR 200,104,83,74 (Longyant et al., 2000) 
Penaeus chinensis Vt(l) 380 105,85,78,58,40 (Chang et al., 1996) 
Vt(2) 500 155,85,78 
Vtg NR 191 ,85 (Chang and Jeng, 1995) 
Penaeus semisu/catus Vt 283 90,80,63,50 
283 95,86 (Browdy et al. , 1990) 
NR 158,96,80 (Khayat et al. , 1994) 
Vtg NR 200, 120,80 (Lubzens et al., 1997) 
Penaeus vannamei Vt 289 69-61 [(Tom et al. , 1992) 
NR 158, 103,97,95,76 ICQuackenbush, 1989a) 
Penaeus japonicus Vt NR 150,1 05,92,86, 76 (Vazquez-Bouchard et al., 
1986) 
ParapenaeliS longirostris Vt NR 66,45 (Tom et al., 1987) 
Metapenaeus ensis Vt 350 102,76 (Qiu et al. , 1997) 
Palaemonetes pugio Vt NR {220,2 10} ,190, 110,90,70 (Oberdorster et al., 2000b) 
Lobster/Crayfish 
Homarus americanus Vt NR 105,95,78 (Salares et al., 1 979) 
Vt 360 110,105,94,90,81 ,78 (Tsuk:imura et al. , 2002) Vtg - 360 194, 179 
Homarus Rammants Vt NR 140, 130, 11 0, 105 [(Zagalsky, 1985) 
Cherax quadricariantus Vt NR 177,155, I 06,95,86,75 I (Abdu et al., 200 I) 
Macrobrachium Vt NR 104,90 (Soroka et al. , 2000) 
rosenbergii Vtg NR 180,104,90 
96,83 (1 07,89)* (Cban and Kuo) 
Vt NR 100,89 
Vtg 700 170, 100,89 
(Lee et al., 1997) 
Crabs 
Ca/linectes sapidus Vt NR 190,{112,107},78 [(Lee and Puppione, 199 1 ). 
Pachygrapsus crassipes Vt NR 118,105,84 (Lui and O'Connor, 1977)]. 
Cancer antennarius Vt NR 185,100,84 (Spaziani et al., 1995). 
Vtg NR 200, 185, I 00,84 (Spaziani et al. , 1995). 
Vtg NR 152,108, I 00,82 (Puppione et al., 1986). 
Carcinus maenas Vt 500 82,72 (Andrieux and 
Defrescheville, 1992). 
Emerita asiatica Vt( l) NR 109, 105 
Vt(2) NR 65,54,50,4 7,44,42 (Tirumalai and 
Vtg NR 91 '{87,83} ,8 1 '{6 1 ,58}, Subramoniam, 1992) 
{45,42},38 
Barnacles 
Balanus amphitrite Vt NR 170,85 (Shimizu et al. , 1996a). 
IArtemia 
Artemia salina Vt NR 190,85,68 (de Cbaffoy and Kondo, 
1980) 
68 
Despite their presence in several crustacean species (Fairs et al., 1989; 
Summavielle et al., 1995; Warrier et al., 2001) the functional role of oestrogenic 
hormones in crustacean vitellogenesis remains unclear. Neverthless, upregulated 
vitellogenin synthesis, arising from exposure to oestrogen, has been reported to occur in 
vitro in ovarian sections from a prawn which suggests a functional role (Y ano and 
ltakura, 1998). Consequently Vtg concentrations in the haemolymph of Crustacea might 
present an indirect indicator of disruption in the activity of regulating hormones, in a 
similar manner to investigations based on Vtg induction in fish. 
Since Vtg is the precursor of Vt, their respective antisera cross react (Chang et 
al., 1996; Chen and Kuo, 1998). Subsequently antisera to Vt extracted from eggs can be 
used to investigate haemolymph titres of Vtg. Previous studies have developed antisera 
to Vt from a range of crustacean species (Tom et al., 1993; Lee et al., 1996; Longyant et 
al., 1999; Oberdorster et al., 2000b). However, very few have developed antisera 
against Vt from decapod Crustacea common in western Europe. 
With the singular exception of a study by Spaziani et al. (1995), immunological 
studies investigating the regulation and expression ofVt and Vtg in Crustacea have used 
monoclonal or polyclonal antisera raised against the native lipoprotein forms. The lipid 
composition ofVtg is qualitatively similar between species (Lee and Puppione, 1991). 
Consequently the removal of the lipid associated with Vt and Vtg from the crabs 
Callinectes sapidus and Cancer antennarius suggested that apolipoproteins of both Vt 
and Vtg were immunologically similar between different sexes and species (Spaziani et 
al., 1995). If this is found to be true of all crustaceans, then great care would have to 
taken when interpreting data from studies based on immunological investigations ofVtg 
induction in Crustacea since such data may include false positives (Wedderburn et al., 
1998; Spaziani et al., 1995). 
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The aims of this study were first to isolate, purify and characterise Vt from the 
ovaries of Carcinus maenas and Palaemon e/egans. This would enable polyclonal 
antisera to be raised against the lipoprotein and apoliporotein forms from both species 
so that vitellin-like larval storage protein expression and male expression of female 
specific proteins could be investigated in response to oestrogenic exposure. Additional 
cross-reactivity studies aimed to test the hypothesis that polyclonal antisera to Vt are 
species specific. If so, the antisera could be examined as a tool to investigate vitellin-
like protein expression in other invertebrates. 
70 
3.2 Methodology 
3.2.1 Extraction and Purification ofLipovitellin 
All extraction, purification and concentration procedures were conducted in a 
cold room at 4°C. Ovaries containing developed oocytes were dissected out of 5 female 
Carcinus maenas and 15 Palaemon elegans (Figure 3.2.1.1) under sterile Pantin's 
crustacean solution (Pantin, 1933). 
Figure 3.2.1. 1 Dissection of ovary for extraction of lipovitellin from P. e/egans (l) and C. 
maenas (2); A: anterior, P: posterior; H: hepatopancreas, 0 : ovary, G: gi lls 
From each species 2 sub-samples of excised ovary, each approximately 3 g in 
weight, were rinsed in homogenisation buffer (50 mM Tris-HCl, pH 7.5). Each sample 
was then added to l 0 ml of homogenisation buffer containing 100 J..ll of protease 
inhibitor cocktail (Sigma, P8340). The mixture was homogenised using a Potter ground-
glass homogeniser, on ice, at 500-1,000 rpm. The crude extract was then centrifuged at 
10,000 g for 15 min. The supematant was removed and the protein precipitated by the 
addition of an equal volume of saturated ammonium sulphate and placed on ice for 20 
min. The extract was centrifuged at I 0,000 g for I 0 m in at 4 °C and the pellet re-
suspended in 10 ml of homogenisation buffer. The precipitation process was repeated 
twice. The resulting two batches of semi-purified ovarian extract, from either C. maenas 
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or P. elegans, were re-suspended in 3 ml of buffer and stored on ice prior to ion 
exchange chromatography. 
Lipovitellin (Vt) was further purified using ion-exchange chromatography 
following the procedures of Pateraki and Stratakis (1997). In short a 10 x 1 cm column 
of CM Sepharose CL-68 (Amersham Biopharmacia) was prepared and equilibrated 
with equilibration buffer (0.1 M sodium acetate containing 10 mM EDTA, pH 5.8). 
Approximately 3 ml of semi-purified Vt was dialysed overnight against 1 L of elution 
buffer containing 0.5 mM PMSF and aprotinin at 10 KIU mr1 (Denslow et al., 1999). 
One milliliter of dialysed sample was loaded manually onto the Sepharose column and 
the non-specific proteins eluted with approximately 5 bed heights of 0.1 M sodium 
acetate containing 10 mM EDT A. Vt, the primary ovarian protein, was eluted with 0.5 
M NaCI at 1 ml min-1 using a Pharmacia P-1 peristaltic pump and I ml fractions were 
collected every minute. The concentration of the eluent was monitored using an LKB 
Bromma Uvicord S UV detector at 280 nm and recorded on a LKB Bromma 2210 chart 
recorder. The column was finally rinsed with 1 M NaCI to remove any remaining protein 
from the Sepharose. 
The purity of each fraction was ascertained by subjecting a sub-sample to SDS-
PAGE and visualised with CBB-R staining (Chapter 2). Fractions showing the highest 
concentration and purity were pooled and concentrated to 2.5ml using Centricon 
concentrators with a lOO kDa cut-off membrane (Amicon Ltd., U.K). Desalting and 
buffer exchange was performed using PDI 0 columns (Amersham Biopharmacia) which 
were eluted with 3 ml 0.1 M phosphate buffered saline (PBS) (Sigma) and the overall 
volume was reduced to I ml using Centricon microconcentrators (model 30, Amicon 
Ltd., U.K). 
Two further runs were conducted using the remaining 2 m1 of dialysed semi-
pure extract and the purity from the 3 runs checked using SDS-P AGE and visualized 
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with Silver Stain Plus (Bio-Rad Laboratories Ltd, Cat no.l61-0449). The samples from 
each run were pooled and the total soluble protein content was detennined using the 
Bio-Rad protein assay (Chapter 2), adjusted to a concentration of I mg mr1 with 0.1 M 
PBS and aliquots of 100 J.ll were stored at -80°C. 
The second batch of semi-purified Vt from both species was also dialysed 
against the elution buffer and run on a newly constituted column. The resulting purified 
Vt was then delipidated. 
3 .2.2 Delipidation of Lipovitellin 
The lipid fraction of Vt, purified from both P. e/egans and C. maenas, was 
removed to produce apolipovitellin (VtD) according to the method of Spaziani et al. 
(1995). Approximately 7.2 mg of purified Vt in 3 ml PBS was added to 30 m1 of 
ethanol:diethylether (l :1), mixed and left to stand on ice for 10 min. The solution was 
centrifuged at 10,000 g, for 10 min, at 4°C, after which the supematant was discarded 
and the pellet resuspended in a further 30 ml of ethanol:diethyl ether and the process 
·' ·-- ·.,, repeated. The final pellet was suspended using a magnetic stirrer in 5 ml of 0.153 M 
~~ ·~·· ~~~ 
NaCl, containing 1% SDS (w/v), for 1-2 h at room temperature. The volume was 
reduced to 1 rnl in Centricon concentrators (30 kDa cut off) over 45 min at 20°C. To 
reduce the concentration of free SDS, 5 ml of 0.153 M NaCl containing 0.1% SDS 
(w/v) was added and the volume again reduced to 1 ml. This was repeated twice, after 
which the retentate (containing apolipovitellin) was recovered. The presence of SDS at 
0.1% (w/v) inhibits the Bradford method used to detennine protein concentration. 
Consequently the remaining unbound SDS was removed from a sub-sample of the 
delipidated vitellin using SDS-Out (20310, Pierce Il. U.S.A.) prior to protein assay 
(Chapter 2). 
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Sudan Black Staining 
After delipidation, the removal of free lipid associated with the proteins was 
assessed by nondenaturing gel electrophoresis (Native PAGE) followed by visualisation 
using Sudan Black according to Rainwater, ( 1998) 
In short, 1.25 g of Sudan Black B (SBB) was added to l 00 m! cellosolve 
(ethylene glycol monoethyl ether) and 250 m! zinc acetate (36.45 mM). The solution 
was heated to 100°C in a fume cupboard and reduced to 125 m! over 1.5 h by mixing 
continuously with a magnetic stirrer. The solution was then filtered twice through 
chromatography paper (Whatman NQ 3), once when hot and again when the solution had 
cooled to room temperature. 
After electrophoresis, gels were fixed in 10% trichloroacetic acid (TCA) for l h 
and then in 30 ml of 50% cellosolve for l h. The gel was then incubated in SBB stain, 
which had been filtered again immediately prior to use, for 18 h. The gel was 
subsequently destained in multiple washes of 50% cellosolve over a 12 h period. Finally 
the gel was soaked in coomassie destain (25% methanol, 7% acetic acid) overnight to 
remove all traces of cellosolve. 
3.2.3 Polyclonal Antisera Production 
Polyclonal antibodies were raised against Vt and VtD from P. e/egans and C. 
maenas. The four polyclonal antisera were raised against the antigens in rabbits by 
Immune Systems Limited (ISL, Paignton, UK.). Test bleeds were taken on day 0 prior 
to intramuscular immunisation. Three further immunisations occurred on day 14, 28, 42 
with antisera harvested via a terminal bleed on day 56. Test bleeds and polyclonal 
antisera produced were divided into 50 111 aliquots containing 0.1% sodium azide (w/v) 
and stored at -80°C until required. 
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Test bleeds and polyclonal antisera against lipo- and apolipovitellin from both 
species were screened for activity against whole animal homogenates. Two juvenile 
males and two juvenile females from both species were homogenised with a pestle and 
mortar in 5ml of homogenisation buffer (50 mM Tris-HCI, pH 7.5) containing lOO fll of 
protease inhibitor cocktail (Sigma. P8340). Tlie homogenates were centrifuged at 
10,000 g for 20 min at 4°C. The supematant was subsequently passed through a 0.2 Jlm 
filter and after assaying for total soluble protein, adjusted to I mg m1"1 before being 
stored at -80°C. Male and female homogenates from both P. elegans and C. maenas 
were subjected to SOS-PAGE prior to Western blotting onto PVOF membrane (Chapter 
2). Additional samples of either C. maenas or P. elegans Vt were loaded as standards 
depending on the antisera used. Each blot was replicated three times and screened with 
either test pre-bleeds from individual hosts, or corresponding antisera at I: l 000, I :2000 
or I :3000 dilutions. Membranes were then incubated in secondary antiserum - anti-
rabbit IgG alkaline phosphatase conjugate made in goat at a corresponding dilution, 
before addition of a substrate (BCIPINBT). 
3.2.4 Multi-Species Cross Reactivity ofPolyclonal Antisera 
In order to obtain a range of aquatic invertebrate vitellins, eggs were collected, 
immediately after spawning, from 5 species common to the U.K. and selected on ease 
with which they are cultured in the laboratory (Table 3.2.4.1 ). The eggs were rinsed 
briefly in homogenisation buffer (50 mM Tris, pH. 7.5) and transferred to a 
microcentrifuge tube (Eppendorf) to which a further lOO fl) of homgenisation buffer 
was added. The eggs were then homogenised with a micro-homogeniser (Pencil Mixer, 
OX, IUCHI, Japan) and the resultant homogenate centrifuged at 10 OOOg for 15min. The 
supematant was removed and filtered through 0.2Jlm Vectaspin micro-centrifuge filter 
(6833-0201, Whatman International, U.K.). The resultant filtrate was then assayed for 
total protein (Chapter 2) prior to storage at -80°C. 
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A sample of Crangon crangon lipovitellin was provided by S. Bamber (Plymouth 
University). 
Table 3 .2.4.1 Taxonomic summary of source organisms from which lipovitellin was obtained. 
Common Phylum Class Order Genus Species 
Name (Subphylum) (Subclass) (lnfraorder) 
Crayfish Arthropoda Malacostraca Decapoda Pacifastacus lenisculus (Crustacea) 
Brown Arthropoda Malacostraca Decapoda Crangon Shrimp (Crustacea) (Cm· idea) crangon 
Barnacle Arthropoda Cirripedia Balanus amphitrite (Crustacea) 
Lug Annelida Polychaeta Capitellida Arenicola marina Worm 
Starfish Echinodermata Ste/leroidea Asterias rubens (Asteroidea) 
Crude Vt homogenates obtained from the eggs of the 4 species and the purified Vt from 
C. crangon were subjected to SDS-PAGE and subsequently Western blotted (Chapter 
2). Membranes were probed with polyclonal antisera to either Vt, or VtD, from both P. 
e/egans and C. maenas. 
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3.3 Results 
3.3 .1 Extraction and Purification of Lipovitellin 
Ovarian homogenates from C. maenas were run on three separate ion exchange 
columns. The initial run collected all fractions eluted with 0.5M NaCl whilst the second 
and third runs collected only the peak fraction. C. maenas Vt eluted off the Sepharose 
CL-6B column at between 4-12 minutes at a flow rate of 1 ml min-1 resulting in 8 
fractions of 1 ml volume (Figure 3.3.1. 1). All fractions that eluted from the column were 
yellow in colour, similar to that of the crude ovarian homogenate, but varied in 
intensity. 
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Figure 3.3 . l.l Chromatogram of C. maenas and P. elegans lipovitellin (Vt) eluted from 
Sepharose CL-6B columns with 0.5 M NaCI. Fractions collected at I ml min-1• Dotted lines 
indicate fractions collected for C. maenas (CmVt) and P. elegans (PeVt) antisera production. 
Absorbance measured at 280 nm. 
The purity of the eluted fractions was confirmed by SDS-PAOE under 
denaturing conditions and is pres~nted in Figure 3.3.1.2. It can be seen that two main 
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polypeptides and a few minor proteins were present in the crude ovarian homogenate. 
The few non specific proteins were almost exclusively eluted with the equilibration 
buffer (O.lM sodium acetate, IOmM EDTA, pH 5.8) and the remaining fractions were 
composed of 2 major polypeptides. Similar results, indicated in lanes 10 and 11 of 
Figure 3.3.1.2, were obtained in subsequent runs collecting the peak fraction after 5 
min. The samples that eluted off in the second fraction (5min) from the first and last 
runs (runs 1&3) were pooled and used for antisera production. 
1 2 3 4 5 6 7 8 9 10 11 12 
Figure 3.3.1.2 SOS-PAGE of 3 different samples of C. maenas lipovitellin eluted from 
Sepharose CL-68 columns; lane I & 9 sodium acetate elutions (run I &2); lanes 2-8, 
fractions 2(4min)-8(12min) eluted with 0.5 M NaCI at lmJ min-1 (run I): lane 10, peek 
fraction eluted with 0.5 M NaCI (run 2) : lane 11, peek fraction eluted with 0.5 M NaCl (run 
3): lane 12, crude ovarian extract (5 J,Lg). To each lane 10 J.Ll of the eluted fraction was loaded 
except lanes 3-6 to which I J,Ll was loaded. 
P. e/egans Vt also began to elute from the Sepharose CL-6B column at 4 min. 
The profile was, however, greatly extended in comparison to C. maenas Vt (Figure 
3.3.1.1 ). Lipoprotein from P. e/egans continued to elute over a 30 min period resulting 
in 30 fractions in total. The purity of the eluted fractions from the P. elegans ovarian 
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homogenate were also assessed with SDS-PAGE under denaturing conditions (Figure 
3.3.1.3). 
13 M 15 11 17 11 11 20 21 22 21 
Figure 3.3.1.3 SDS-PAGE of P. e/egans lipovitellin eluted from Sepharose CL-68 column; 
lane 1, sodium acetate elution; lanes 2-24, fractions 2-24 eluted with 0.5 M NaCl collected 
at I min intervals at a flow rate of I m1 min-1• To lanes 2-10, 2 J!l of eluted fraction was 
loaded; lanes 11- 24, 10 J!l of fraction loaded. 
A similar profile of non-specific proteins to that from the C. maenas ovarian 
homogenate was eluted in the equilibration buffer. Whilst there were similarities in the 
polypeptide profiles from all the fractions collected, a high molecular weight 
polypeptide was present in the fraction collected between 8 and 19 min. This 
polypeptide which is shown in lanes 6-17 of Figure 3.3.1.3 was not evident in other 
fractions. It is possible that this higher molecular weight polypeptide was present but 
not visable in the other fractions because of the increased relative dilution before and 
after fractions 8 and 19. However, during prepatory elutions for P. elegans Vt, it was 
observed that two closely related, but distinct peaks, could be resolved by slowing the 
elution rate. Fractions from the first peak were green and those from the second a pale 
yellow in colour. SDS-P AGE of the two samples revealed that the only difference 
between them was the presence of a similar high molecular mass polypeptide in the 
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second peak (data not shown). Since the eggs of P. elegans are green, this second peak, 
which was yellow in colour, may represent an earlier form of P. elegans Vt and the 
green pigmentation may result from the addition of the high molecular polypeptide prior 
to the deposition of Vt in the oocytes. Consequently the two peak fractions, which were 
noticably green in colour and which eluted after 1 0 and 11 m in respectively from 2 
separate Sepharose CL-68 columns, were pooled for antisera production. 
Once the Vt from P. elegans and C. maenas had been purified via ion-exchange 
chromatography, the selected fractions were collated and sub samples were subjected to 
electrophoretic separation under native conditions (Figure 3.3.1.4). The resolution of C. 
maenas and P. elegans Vt as solitary bands of approximately 500 and 540 kDa, 
respectively, suggested that isolation had been achieved. 
10 20 20 20 ma 40 30 20 10 
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Figure 3.3.1.4 Native PAGE of pooled fractions of purified C. maenas (A) and P. elegans 
(B) lipovitellin with approximate molecular masses (k.Da). Values indicate loading per lane 
in J.!S; ma: molecular marker. 
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3.3 .2 Delipidation of Lipovitellin 
After pooling the selected fractions from ion exchange chromatography, the total 
soluble protein content of the pooled fractions was assayed and the samples were 
adjusted in concentration to approximately 1 mg mr1• The lipid fraction associated with 
purified Vt from C. maenas and P. elegans was removed from a sub-sample by 
extracting with ethanol and diethylether (I : l v/v). Of the initial 7.6 mg of P. e/egans Vt 
subjected to the delipidation process, 5.92 mg was recovered (77.9%). Similarly 5.82 
rng (84%) of the delipidated lipoprotein was recovered from 6.9 rng of C. maenas 
lipoprotein. The resulting apolipovitellins were subjected to polyacrylamide gel 
electrophoresis (PAGE) and stained with Sudan Black B to assess the success of the 
lipid removal process (Figure 3.3.2.1). 
A B 
Figure 3.3.2.1 Native PAGE of purified lipovitellin and apolipovitellin from C. maenas (A) 
and P. e/egans (B). Lanes 1-3, lipovitellin (40 f.lg) : lane 4-6 apo1ipovitellin (40 f.lg). Gels 
visualised with Sudan Black B. 
Vt from both species stained well, whereas the VtD showed no detectable 
staining after the delipidation process. Based solely on the extent of staining by Sudan 
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Black B, C. maenas Vt appeared to have a greater amount of lipid associated with it 
compared with P. elegans Vt (Figure 3.3.2.1) 
Samples of C. maenas and P. elegans Vt, in conjunction with the corresponding 
apolipovitellin forms, were subjected to SDS-PAGE under denaturing conditions to 
assess the molecular weights of the primary constituent polypeptides. The resulting gel, 
after staining with CBB-R, revealed clear differences in the staining intensity of the lipo 
and apolipovitellins (Figure 3.3.2.2). 
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Figure 3.3.2.2 SOS-PAGE of purified lipovitellin and apolipovitellin from: (A) C. maenas; 
lane I, apolipovitellin (l 0 f.! g); lane 2, apolipovitellin (5 f.! g); lane 3, lipovitellin (I 0 f.! g); lane 
4, lipovitellin (5 J.lg) : (B) P. elegans ; lane I , lipovitellin (I 0 flg); lane 2, apolipovitellin (I 0 
flg) . Gels visualised with CBB-R presented with molecular weight markers (ma) in kDa. 
P. e/egans Vt was clearly composed of 5 primary subunits, while that of C. 
maenas contained two major subunits. Similar profiles were apparent for the lipoprotein 
and apolipoprotein forms of both P. elegans and C. maenas vitellin (Figure 3.3.2.2). 
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The scanning profiles of the polypeptides present in Vt and VtD, which were 
obtained using Genetools image analysis software (Chapter 2) differed for both species 
(Figure 3.3.2.3). 
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Figure 3.3.2.3 Polypeptide profiles of lipovitellin (solid lines) and apolipovitellin (dashed 
lines) from P. elegans (A) and C. maenas (B) after SOS-PAGE (see Figure 3.3.2.2). 
The profiles of VtD compared with Vt for both P. elegans and C. maenas 
samples were different. The polypeptides of P. elegans Vt, of 182.9, 103.7, 97.4, 86.4 
and 79.6 kDa, had a slightly lower molecular mass than the corresponding sub-units in 
VtD (Table 3.3.2.1 ). Similarly the 98 and 76 kDa C. maenas Vt polypeptides were 
smaller than those of VtD. The slight differences in the molecular masses of the 
polypeptides can in part be attributed to differences in the electrophoretic mobility of 
the two fonns. Additionally the reduced smearing associated with apolipoprotein when 
staining with CB B-R produces a more defined focusing of the proteins. 
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Table 3.3.2.1 Molecular masses (kDa) of the primary polypeptides identified in P. e/egans 
and C. maenas lipovitellin (Vt) and the corresponding polypeptides from the respective 
apolipovitellin forms (VtD). 
P. elegans P. elegans C. maenas C. maenas 
Band N° Vt VtD Vt VtD 
1 182.93 189.15 98.62 105.00 
2 103.71 106.29 76.82 81.33 
3 97.40 101.31 
4 86.39 91.28 
5 79.61 85.09 
Once the lipid had been removed from sub-samples of purified Vt from P. 
elegans and C. maenas the total protein content of the resulting Vt and VtD was assayed 
and the samples adjusted to approximately 1mg ml-1• Four aliquots of 400 ).11 from each 
of the vitellin forms, from both species, were frozen at -80°C in preparation for antisera 
production (Table 3.3.2.2). The remaining samples were assayed for total protein 
content, divided into 20 ).11 aliquots and stored at -80°C as standards. 
Table 3.3.2.2 Summary of lipovitellin and apolipovitellin concentrations produced for antisera 
production. Immunisations occurred in 4 x 400f.ll volumes. 
Mean Soluble Standard Error Antigen per Species Form protein (mg ml-1) (mg ml-1) immunisation ().lg) 
C. maenas Lipovitellin 1.09 0.02 436 
C. maenas Apolipovitellin 1.08 0.01 432 
P. elegans Lipovitellin 0.84 0.01 336 
P. elegans Apolipovitellin 1.09 0.01 436 
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Figure 3.3.2.4 SOS-PAGE of purified lipovitellin (Vt) and apolipovitellin (VtD) from C. 
maenas (Cm) and P. elegans (Pe) visualised with Silver Stain Plus. Loading I 0 J.lg per lane 
with molecular weight markers (ma) presented in kDa. 
Prior to production of the polyclonal antisera, samples of the Vt and VtD 
antigens from both C. maenas and P. elegans were subjected to SDS-PAGE and 
visualised with silver stain to check their purity. The profile of P. elegans Vt and VtD 
illustrates the purity of the samples with the 5 constituent polypeptides clearly visible 
(Figure 3.3.2.4). ln contrast, low molecular weight polypeptides, which were not 
apparent with CBB-R staining (Figure 3.3.2.2) were evident in the Vt sample from C. 
maenas after silver staining. The presence of these and additional polypeptides was 
more pronounced in the sample which has been subjected to the delipidation process 
(Figure 3.3.2.4). Polyclonal antisera of the antigens presented in Table 3.3.2.2 were 
prepared by a commercial company (ISL). 
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3.3.3 Polyclonal Antisera Production 
Western blots of C. maenas and P. elegans homogenates were probed with test 
bleed sera from host animals prior to innoculation with P. elegans Vt or VtD. This 
indicated nonspecific binding at ratios of 1:1000 (Figure 3.3.3.1). Similarly, there was a 
slight reaction of test bleed sera to P. elegans Vt, but not to homogenates at a ratio of 
l :2000 (Figure 3.3.3.1 ). When western blots of the same homogenates were probed with 
test sera at ratios of l :3000 there was no discernible reaction with purified Vt from P. 
elegans, or from homogenates of either P. e/egans or C. maenas (Figure 3.3.3.1). 
The reaction of antisera from the corresponding hosts after innoculation was 
noticeably increased. Again there was considerable non-specific binding of antisera to 
western blots of C. maenas and P. elegans homogenates at low ( l: l 000) dilution ratios 
(Figure 3.3.3.1). At the higher dilution of 1:2000, nonspecific binding was greatly 
reduced with only a very slight reaction between polyclonal antisera and homogenates 
of both P. elegans males and females (Figure 3.3.3.1). However, antiserum from the 
host, innoculated with P. elegans VtD, reacted strongly with homogenates of male and 
female P. elegans at a ratio of 1:2000 (Figure 3.3.3.1). Whilst there was slight cross 
reactivity between test bleed sera from hosts innoculated with P. e/egans Vt and VtD, 
the signal from polyclonal antisera after innoculation was greatly enhanced. There was 
no reactivity with test sera at ratios greater than l :2000, while there was a strong 
reaction with the polyclonal antisera produced to both P. e/egans VtD and Vt. 
As with the test sera to P. e/egans Vt and VtD, there was a slight reaction of test 
sera to homogenates of C. maenas males and females at ratios of 1 : l 000 prior to 
innoculation (Figure 3.3.3.2). A slightly stronger response was obtained from the test 
sera to Vt and VtD from C. maenas than had been observed with test sera toP. elegans 
Vt and VtD (Figure 3.3.3.1). At ratios of 1:2000, test sera from hosts, which had been 
innoculated with C. maenas Vt and VtD, did not react with homogenates of either 
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species and there was little reaction with the corresponding antigen. At ratios greater 
than 1 :2000 there were was no reactivity between the test sera and any of the 
homogenates or antigens. 
Immunoreactivity of the polyclonal antisera was much higher after than before 
innoculation, so much so, that it was necessary to reduce the standard from 5 11g to 2 11g 
when screening antisera to VtD to prevent overstaining (Figure 3.3.3.1 & Figure 
3.3.3.2). As with the antisera to P. e/egans vitellins, there was considerable nonspecific 
binding of the antisera to both C. maenas Vt and VtD at a dilution of 1: 1000 (Figure 
3.3.3.1 ). At a ratio of 1 :2000, the polyclonal antisera produced against both C. maenas 
Vt and VtD exhibited only slight reactivity with proteins present in homogenates of C. 
maenas male and females. At ratios greater than 1 :2000, however, there was no reaction 
between the antisera to either form of C. maenas vitellin, or homogenates of either 
species. The response of the polyclonal antisera to C. maenas vitellins was comparable 
to that of the P. e/egans antisera where there was a strong antigen-specific reactivity 
observeq at dilution ratios greater than 1 :2000. 
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Figure 3.3.3.1 Western blots of homogenates from male and female P. elegans or C. maenas 
juveniles. Membranes probed with 1 o and 2° antibody at 1: 1000 (i), 1 :2000 (ii) or 1 :3000 (iii) 
with; A) P. e/egans lipovitellin pre-bleed serum, B) P. elegans lipovitellin antiserum, C) P. 
e/egans apolipovitellin pre-bleed serum, D) P. elegans apolipovitellin antiserum, at I: I 000 (i), 
1 :2000 (ii) or 1:3000 (iii). Lane 1, C. maenas o (1 0 J.tg); lane 2, C. maenas ~( 10 J.tg); lane 3, 
P. elegans o (IO J.tg); lane 4, P. e/egans ~(10 J.tg); lane 5, P.e/egans purified lipovitellin (A-C 
= 5 J.tg, D = 2 J.tg). 
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Figure 3.3.3.2 Western blots of homogenates of male and female P. elegans or C. maenas 
juveniles. Membranes probed with I o and 2° antibody at I: 1000 (i), I :2000 (ii) or I :3000 (iii) 
with; A) P. elegans lipovitellin pre-bleed serum, B) C. maenas lipovitellin antiserum, C) C. 
maenas apolipovitellin pre-bleed serum, D) C. maenas apolipovitellin antiserum, at I: I 000 (i), 
I :2000 (ii) or I :3000 (iii). Lane I, C. maenas t3 (I 0 J.lg); lane 2, C. maenas ~(I 0 J.lg); lane 3, P. 
elegans <3(10 J.lg); lane 4, P. elegans ~(10 J.lg); lane 5, C. maenas purified lipovitellin (A-C = 5 
J.lg, D = 2 J.lg). 
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3.3.4 Multi-Species Cross Reactivity 
SDS-PAGE of crude Vt extracts from Balanus amphitrite, Arenico/a marina, 
Pacifastacus leniusculus, Crangon crangon and Asterias rubens are presented in Figure 
3.3.4.1. Whereas the majority of the polypeptides in the egg protein profiles of the 
arthropods were concentrated above 70 kDa, there was a greater range for the annelids 
and echinoderms. It is apparent that the C. crangon sample contained very little, or no, 
protein (Figure 3.3.4.1 ). This sample was supplied by S. Bamber (Plymouth University), 
with an estimated protein concentration in a volume, unfortunately, too small to verify 
the protein content. Consequently the sample was equally divided between the gels for 
western blotting and visualisation with CBB-R. 
PeVt CmVt .... 
Figure 3.3.4.1 SOS-PAGE of proteins from oocyte homogenates from B. amphitrite (Ba), A. 
marina (Am), P. leniusculus (PI), C. crangon (Cc) and A. rubens (Ar). Samples of purified 
lipovitellin (0.5 ~g) from P. e/egans (PeVt) and C. maenas (CmVt) provide standards. Mass 
(in kDa) of molecular weight markers (ma) are provided in right margin. To each lane lO ~g 
of total protein from homogenised oocytes was loaded. Proteins visualised with CB B-R. 
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Samples of crude Vt from all the species were subjected to SDS-P AGE and 
western blotting on 4 identical membranes. In addition to the egg protein samples 
extracted from the other species, samples of purified Vt from C. maenas and P. elegans 
were run on each blot as standards. Each membrane was probed with C. maenas or P. 
elegans polyclonal antisera to either Vt or VtD. The membranes incubated with 
antiserum to P. elegans Vt identified an immunoreactive polypeptide present in P. 
leniusculus eggs of approximately 80 kDa (Figure 3.3.4.2). The same polypeptide was 
also identified with P. elegans VtD antiserum. 
PeVt C...Vt BaAm PICc 
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Figure 3.3.4.2 Immunoreactivity of transfer-blotted proteins from oocyte homogenates (IOJ.lg) 
from B. amphitrite (Ba), A. marina (Am), P. leniuscu/us (PI), C. crangon (Cc) and A. rubens 
(Ar). Samples of purified lipovitellin (0.5 J.18) from P. elegans (PeVt) and C. maenas (CmVt) 
provide standards. Western blots probed with antisera to P. e/egans lipovitellin (A) and 
apolipovitellin (B) at 1 :5000; visualised with BC[P/NBT. 
The response of the VtD antiserum was greatly enhanced compared with the Vt 
antiserum, with two further polypeptides of approximately 100 and 180 kDa in the eggs 
of P. /eniuscu/us being identified (Figure 3.3.4.28). There was significant cross 
reactivity between the antisera raised against both forms of P. e/egans vitellin and the 
purified Vt from C. maenas (Figure 3.3.4.2). This cross reactivity was particularly 
pronounced for C. maenas Vt incubated with antisera toP. elegans VtD. 
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Similar results were obtained when the oocyte extracts were probed with 
antisera to C. maenas Vt, or VtD (Figure 3.3.4.3). The antiserum to C. maenas Vt was 
immunoreactive to the same 80 kDa polypeptide in P. /eniuscu/us as previously 
identified using antisera to either form of P. e/egans vitellin. 
Be AmPI Cc Ar 
A B 
Figure 3.3.4.3 Immunoreactivity of transfer-blotted proteins from oocyte homogenates ( I 0 J.lS) 
from B. amphitrite (Ba), A. marina (Am), P. /eniuscu/us (PI), C. crangon (Cc) and A. n1bens (Ar). 
Samples of purified lipovitellin (0.5 J.!S) from P. elegans (Pe Vt) and C. maenas (Cm Vt) provide 
standards. Western blots probed with antisera to C. maenas lipovitellin (A) and apolipovitellin (B) 
at 1 :5000; visualised with BCIPINBT 
The response using antiserum to C. maenas VtD was also far greater than that 
achleved using antiserum to Vt. In addition to the 80 kDa polypeptide, the antiserum to 
C. maenas VtD also identified the 100 and 180 kDa polypeptides in P. leniuscu/us eggs 
(Figure 3.3.4.3) which had previously cross reacted with antiserum to P. e/egans VtD 
(Figure 3.3.4.2). A significant level of cross-reactivity was observed between the 
antiserum to VtD from C. maenas and Vt purified from P. elegans. No immunoreactive 
polypeptides were identified in any of the other invertebrate species regardless of the 
antisera used. The inability to detect C. crangon Vt on SDS-PAGE (Figure 3.3.4.1) 
suggests that there was insufficient protein present. 
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3.4 Discussion 
Due to its wide distribution around the shores of Western Europe, Carcinus 
maenas has been used as a model species in a variety of ecological (Thresher et al., 
2000), developmental (Harms et al., 1994), physiological (Anger et al., 1998;Bamber 
and Depledge, 1997) and toxicological studies (Fillmann et al., 2002;Wedderbum et al., 
1998; Skaggs and Henry, 2002). However, very few studies have reported on the 
structure and composition of C. maenas lipovitellin (Vt) (Andrieux et al., 1986,; 
Andrieux and Defrescheville, 1992) and there have been no comparable investigations 
for Palaemon elegans Vt. 
C. maenas, Vt (holoprotein) was approximately 500 kDa in size and revealed 2 
polypeptide subunits of approximately 98.6 kDa and 76.8 kDa on SDS-PAGE. 
Andrieux and Frescheville (1992), described the holoprotein of C. maenas Vt as a 500 
kDa protein comprised of 2 major subunits, 82 and 72 kDa, with several smaller, minor, 
fractions. However, from the data presented by Andrieux and Frescheville ( 1992), the 
size of the 2 major subunits appear to be approximately 94 and 75 kDa, which is in 
close agreement with the current study. In contrast to C. maenas, P. elegans Vt was 
slightly larger at 540 kDa and comprised of 5 subunits of approximately 183, 103, 97, 
86 and 81 kDa. With the exception of the high molecular weight polypeptide (210-220 
kDa), the compositional subunits of P. elegans Vt are comparable in size to those 
present in the grass shrimp Palaemonetes pugio (Oberdorster et al., 2000b) and other 
shrimp/prawns (Table 3.1.1) 
The lipid associated with Vt, from both C. maenas and P. elegans, was 
completely removed, using the methodology of Spaziani et al. (1995), as verified by 
Sudan Black B staining (Rainwater, 1998). As has been reported in similar studies, the 
apolipovitellin (VtD) from both species, exhibited different electrophoretic mobility 
compared with the respective Vt (Spaziani and Wang, 1991; Spaziani et al., 1995). 
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Consequently, the subunit sizes of the apolipovitellins appeared slightly larger and 
bands were more defmed on SDS-P AGE. 
Several additional polypeptides were present in the SDS-P AGE profiles of C. 
maenas VtD, in comparison with the native Vt, when visualised with silver stain. 
Similar sized bands were also apparent in purified Vt from C. maenas after a freeze-
thaw cycle. These results suggest that C. maenas Vt is prone to degradation and it is 
likely that the appearance of the additional bands was a consequence of the breakdown 
of the primary Vt sub units (Roubal et al., 1997). The absence of comparable breakdown 
polypeptides in VtD from P. e/egans suggests that it is more stable than C. maenas Vt. 
At antisera ratios less than 1 :2000, a reaction was observed between pre-
immunisation rabbit sera and proteins present in homogenates of juvenile C. maenas 
and P. e/egans. A similar situation has been reported for pre-bleeds and antisera raised 
against fish vitellogenin (Lomax et al., 1998). The reactivity of the pre-bleeds was 
curtailed at ratios greater than I :2500, and at ratios of 1 :3000 all the antisera were 
sensitive and specific to their respective antigen. 
The size and number of subunits comprising Vt varies between crustacean 
species (Table 3.1.1 ). However, based on the similarities in the size of compositional 
polypeptides and the assumption that closely related polypeptides are doublets (Spaziani 
et al., 1995), 3 subunits ofVt, 182±3, I 00± 7, 79±7 kDa appear to be conserved between 
a wide range of crustacean species. 
Antisera toP. elegans Vt and VtD cross reacted with both the 98.6 and 76.8 kDa 
subunits of C. maenas Vt. Conversely, antisera to both C. maenas Vt and VtD only 
recognised the smaller subunits of P. e/egans Vt (86 & 81 kDa). During the purification 
of an initial sample of P. elegans Vt, an error in the pH of the elution buffer, in 
conjunction with an equipment failure, resulted in P. elegans Vt eluting from the CL-6B 
media as two peaks. The frrst peak was yellow in colour and the second was green. 
94 
Subsequent electrophoretic analysis of the two peaks found that the yellow peak 
consisted of only the 103, 97, 86 and 81 kDa polypeptides, while the green peak 
contained all five subunits, including the 183 kDa polypeptide. It is likely, therefore, 
that the green carotenoid associated with P. elegans Vt is solely related to the 183 kDa 
polypeptide. This may explain the inability of antisera to C. maenas lipo- and 
apolipovitellin to cross react with the 183 kDa polypeptide in P. e/egans Vt. It does not, 
however, explain the inability of antisera to C. maenas Vt and VtD to cross react with 
the 97 and 103 kDa polypeptides in P. elegans. 
The majority of previous studies investigating the regulation and expression of 
crustacean Vt have relied on the production and use ofpolyclonal antisera (Fainzilber et 
al., 1992; Alien et al., 2002; Volz et al., 2002). The increase in the development of 
standardised tests using vitellogenin (Vtg) regulation as an indicator of endocrine 
disruption, has led some investigators to develop monoclonal antibodies (Longyant et 
al., 1999; Longyant et al., 2000; Oberdorster et al., 2000b ). These antibodies have the 
advantage of providing a virtually unlimited supply, combined with a consistent 
specificity and response to the desired antigen. However, monoclonal antibodies can be 
limited to a signal epitope and frequently have a limited cross-reactivity with other 
species. Oberdorster et al. (2000) reported that a monoclonal antibody to Vt from 
Callinectes sapidus (Lee and Walker, 1995) did not recognise Vt from the eggs of 
Palaemonetes pugio, although several different monoclonal antibodies to P. pugio Vt, 
did cross react with proteins in the eggs of other Crustacea. 
In the current study, polyclonal antisera to C. maenas and P. elegans Vt cross 
reacted with an 80 kDa polypeptide in the crayfish Pacifastacus leniusculus. The 
antisera to VtD from P. elegans and C. maenas also cross reacted with the 80 kDa 
subunit in P. /eniusculus eggs, although both apolipovitellin antisera recognised 
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additional polypeptides of around I 00 and 180 kDa. None of the antisera to either Vt or 
VtD cross reacted with vitellins in the eggs of the other invertebrates studied. 
Unfortunately it is not possible to comment on the ability of the polyclonal 
antisera produced in this study to cross react with Vt from Crangon crangon, since it is 
unlikely that sufficient antigen was used. Consequently, it is believed that the negative 
results for cross-reactivity between C. crangon, and the antisera produced in this study, 
are equivocal. Nevertheless, a polyclonal antiserum to C. crangon Vt (Alien et al., 
2002) weakly cross reacted with the 100 kDa (103/97) and 80 kDa (86/81) polypeptides 
of P. elegans (data not shown). 
A monoclonal antibody (S-15-2), produced by Oberdorster et al., (2000) to Vt 
from the prawn Pa/aemonetes pugio, unexpectedly cross reacted with 2 polypeptides 
(212 and 99 kDa) in Daphnia magna. It was subsequently proposed that this antibody 
recognised a highly conserved epitope (Oberdorster et al., 2000b). It would be 
interesting in this regard to investigate whether this antibody cross-reacts with the -100 
kDa polypeptides of P. elegans and C. maenas Vt. 
The antisera produced in this study to P. elegans and C. maenas apolipovitellins 
cross-reacted with a greater number of polypeptides in other crustacean species than 
antisera to Vt. This may, in part, reflect the unmasking of epitopes screened by lipid in 
Vt. Moreover, antisera to apolipovitellins produced a stronger immunogenic response. 
These results suggest that antisera to apolipoproteins offer more potential for 
investigating cross-reactivity with other species. 
Overall, the antisera to C. maenas and P. elegans Vt and VtD indicated that 
while certain components of Vt are not species specific, they are probably restricted to 
the order Decapoda. The antisera were therefore considered suitable for investigating 
Vtg induction in C. maenas and P. elegans, arising from the exposure of xeno-
oestrogens. Due to the cross-reactivity of the antisera with Vt from P. leniuscu/us, they 
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may also prove useful in investigating Vtg induction in other decapod species. Further 
work is required to determine ifthe ~80 kDa and - lOO kDa polypeptides in decapod Vt, 
or their associated epitopes, are conserved within Crustacea and future amino acid 
sequencing studies may elucidate this. 
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4 Female Specific Proteins 
4.1 Introduction 
Vitellogenin (Vtg), is the precursor of the egg yolk protein lipovitellin (Vt), and 
its induction in male fish has widely been used as a biomarker of endocrine disruption; 
arising from exposure to oestrogen mimics (Jobling and Sumpter, 1993; Sumpter and 
Jobling, 1995; Alien et al., 1999b; Alien et al., 2002). Investigations into the structUre 
and lipid composition of Vtg in the crabs, Cancer antennarius and Callinectes sapidus, 
have raised questions relating to its use as a biomarker of oestrogen exposure (Spaziani 
et al., 1995). Frequently, immunological studies using fish (Kashiwada et al., 2002) or 
crustaceans (Chang and Jeng, 1995) describe Vtg as a female-specific protein (FSP). A 
FSP is, by definition, a protein which is solely present in females (Kashiwada et al., 
2002). In many cases, however, the term FSP is frequently, and incorrectly, used to 
describe a protein that adult females are genetically adapted to upregulate during 
ovogenesis. This is particularly true of studies investigating Vtg induction in male 
teleosts, where Vtg is described as a FSP (Schwaiger and Negele, 1998; Kashiwada et 
al., 2002). This is clearly not the case, since male fish possess both the gene for Vtg and 
the ability to synthesise it (Verslycke et al., 2002b). In fact, small quantities of Vtg are 
often present in the serum of males collected from "pristine" sites (Alien et al., 1999a) 
Spaziani et al. ( 1995), postulated that native lipoprotein complexes in crustacean 
haemolymph are not specific to females regardless of whether or not they are 
undergoing vitellogenesis. Furthermore, it has been implied that the differences 
observed between sexes, during immunological investigations, are a consequence of 
differing quantities of lipid associated with apolipoproteins (Schwaiger and Negele, 
1998; Spaziani and Wang, 1991). Therefore, a FSP requires the presence of an 
apolipoprotein component which is unique to females. Consequently, due care must be 
98 
taken, prior to conducting immunological studies, to ensure that antisem to proposed 
FSPs ilre specific to proteins present only in females. By developing antisem to 
apolipoproteins present in the haemolymph of both male and female Cancer 
antennarius, Spaziani et al. (1995) found that the apolipoproteins present in the 
haemolymph of males were immunologically identical to those found in females and 
eggs. Since the lipid composition of apolipoproteins can vary, leading to an alteration, 
masking or exposure of certain epitopes, it was suggested that antisem to Vtg may cross 
react with serum aponipoproteins in males under certain conditions resulting in false 
positives when screening for Vtg (Spaziani et al., 1995). 
To date, immunologically based studies investigating the utility of Vtg induction 
in Crustacea as a biomarker of exposure to oestrogens or oestrogen mimics (xeno-
oestrogens), have relied on monoclonal (Oberdorster et al., 2000b) or polyclonal (Alien 
et al., 2002) antisera raised against native lipoproteins. The current study was 
undertaken to investigate the presence of female-specific proteins in the intertidal pmwn 
P. elegans and the shore cmb C. maenas as a test of the hypothesis that such proteins 
are not expressed by "physiologically normal" males. In order to achieve this aim, 
polyclonal antisera raised against lipovitellin and delipidated apolipovitellin, from C. 
maenas and P. elegans, were used to screen lipoproteins and apolipoproteins present in 
the haemolymph of both species. 
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4.2 Methodology 
Pooled haemolymph samples were taken from 5 mature male and 5 vitellogenic 
female C. maenas from a control site at Arisaig (Scotland, U.K.). All crabs sampled had 
a minimum carapace width of 5 cm. Haemolymph was extracted form the coxal joint 
using a 1 ml syringe pre-rinsed in 1% ethylenediaminetetraacetic acid (EDT A). EOT A 
(0.1 %) sodium azide (0.01 %) and gentamycin sulphate (0.001 %) were added to each 
sample prior to centrifuging at 10 000 g for 30 min (Spaziani et al., 1995). The 
supernatant from the 5 males was immediately pooled, mixed and divided into 2 equal 
volumes prior to storage at -80°~ until required. Haemolymph samples were also taken 
from a number of females. The supernatant was stored on ice while the animals were 
sacrificed to determine vitellogenic condition. The supernatant from the haemolymph 
samples of 5 vitellogenic females was then pooled, divided in half as per the male 
samples, and stored at -80°C. 
Half the pooled haemolymph samples removed from male and female· crabs 
underwent a delipidation process according to Spaziani et al. (1995) (Chapter 3.2.2). 
Samples of the pooled haemolymph removed from male and female C. maenas in native 
and delipidated form were assayed for total protein and subjected to SOS-PAGE and 
Western blotting (Chapter 2). Membranes were subsequently probed with polyclonal 
antisera (Chapter 3) at 1 :5000 to either C. maenas lipovitellin (Vt) or apolipovitellin 
(VtD) to identifY immunoreactive proteins present in the haemolymph. 
In parallel, haemolymph samples were taken from P. e/egans males and females 
and sub samples underwent the delipidation process. It was not necessary to sacrifice 
the females to ascertain the degree of vitellogenesis as the ovary was clearly visible 
through the carapace. Haemolymph samples from P. elegans were also subjected to 
SOS-PAGE and Western blotting with membranes probed with polyclonal antisera 
(1 :5000) toP. elegans Vt or V tO (Chapter 3). 
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4.3 Results 
Vitellin-like Proteins in C. maenas Haemolymph 
There were similarities in the protein profiles of haemolymph from male and 
female C. maenas, though female haemolymph contained an additional high molecular 
weight polypeptide around 200 kDa (Figure 4.3 .1 ). It was apparent that purified VtD 
from C. maenas was prone to degradation, with multiple polypeptides appearing under 
denaturing conditions in comparison to the two primary subunits present in Vt. 
Figure 4.3.1 SOS-PAGE profile of baemolymph taken from adult male (a ) and ovigerous 
female (~) C. maenas. Haemolymph samples in native (N) and delipidated fonn (D) are 
presented. Purified C. maenas lipovitellin (Vt) and apolipovitellin (VtD) were run as 
standards (2 J.tg) with molecular weight markers (kDa) in left and right lanes (ma). A total of 
I 0 J.tg of lipoprotein or apolipoprotein was loaded for male samples and 2 J.tg of each was 
loaded for female samples. 
Regardless of whether the membranes were screened with antisera to C. maenas 
Vt or VtD, no differences were detected in the immunoreactive profiles of native or 
delipidated haemolymph (Figure 4.3.2). Imrnunoblots only identified immunoreactive 
polypeptides of approximately 200, 100, 80 and 45 k.Da in female haemolymph despite 
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a 5-fold increase in the total haemolymph protein loaded for males compared with 
females (Figure 4.3.2). With the exception of the band around 200 kDa, immunoreactive 
polypeptides in female haemolymph were comparable in size to subunits of purified Vt. 
The faint 45 kDa immunoreactive band in both native and delipidated samples of female 
haemolymph (Figure 4.3.2) is probably a breakdown product of another protein, due to 
the lack of proteins of a comparable size in SDS-PAGE profiles (Figure 4.3.1). These 
results suggest that vitellin-like haemolymph proteins, whether in native or delipidated 
forms are female specific. 
VtD 
45 
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Figure 4.3.2 Immunoblot of haemolymph from male (0') and ovigerous female (~) C. 
maenas in both native (N) and delipidated form (D). l 0 J.lg of haemolymph protein was 
loaded for males and 2 J.lg for females. Purified apolipovitellin (VtD) from C. maenas is 
presented as a standard (0.5 1!8) with approximate molecular weights (kDa) in centre. 
Western blots were probed with antisera raised against either lipovitellin (A) or 
apolipovitellin (B) at 1:5000 and visualised with BCIPINBT 
Whether screemng with antisera to Vt or VtD, a single immunoreactive 
polypeptide of approximately 105 kDa was present in VtD purified from the ovary of C. 
maenas. In contrast there appeared to be two polypeptides of roughly equivalent 
molecular mass ( - 1 OOkDa) in the haemolymph of vitellogenic females (Figure 4.3.2). In 
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addition to reactivity with the 105 and 81 kDa sub units of C. maenas VtD, polyclonal 
antisera to both forms of C. maenas vitellin produced minor reactivity with several 
smaller polypeptides (Figure 4.3.2). This provides further evidence that there was some 
degradation of the VtD standard (see Chapter 3). 
Vitellin-like Proteins in P. elegans Haemolymph 
The profiles of P. e/egans haemolymph under denaturing conditions were 
similar for males and vitellogenic females (Figure 4.3.3). 
205 
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Figure 4.3.3 SOS-PAGE profile of haemolymph taken from adult male (c)') and ovigerous 
female (~) P. elegans. Haemolymph samples in native (N) and delipidated form (D) are 
presented. Purified P. e/egans lipovitellin (V tO) run as standard (I J.lg) with molecular 
weight markers (kDa) in left and right lanes (ma). A total of I 0 J.lg of lipoprotein or 
apolipoprotein was loaded for male samples and 2 J.lg of each was loaded for female 
samples. 
Immunoblots of the haemolymph from both sexes, screened against antisera to 
P. elegans Vt and VtD, are presented in Figure 4.3.4. As with C. maenas, 
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immunoreactive polypeptides in the haemolymph of P. e/egans females correlate with 
subunits present in purified VtD. 
Antiserum to P. e/egans Vt reacted with 3 polypeptides of approximately 97, 86 
and 81 kDa, while antiserum to VtD reacted strongly with 2 polypeptides of 
approximately 86 kDa (possibly a doublet) and extremely weekly with the 97 and 81 
k:Da polypeptides (Figure 4.3.4). 
VtD N N D 
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Figure 4.3.4 lmmunoblot of haemolymph from male (cj') and ovigerous female (~) P. 
elegans in native (N) and delipidated form (D). I 0 Jig of haemolymph protein was loaded 
for males and 2 Jig for females. Purified apolipovitellin (VtD) from P. elegans is presented 
as a standard (0.5 J!g) with approximate molecular weights (kDa) in centre. Western blots 
were probed with antisera raised against either P. elegans lipovitellin (A) or apolipovitellin 
(B) at I :5000 and visualised with BCIP/NBT 
The removal of lipid from male and female haemolymph samples had no effect 
on the profile of the immunoreactive polypeptides identified with antisera to either Vt or 
VtD. Like C. maenas, immunoreactive polypeptides to P. e/egans Vt were only 
identified in the haemolymph of vitellogenic females. 
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Probably as a result of loading very low levels of antigen as standard and 
incomplete protein transfer of the higher polypeptides during Western blotting (results 
not shown), only the 97.4, 86.2 & 81.4 kDa subunits of P. elegans apolipovitellin, 
shown in Figure 3.3.2.2, were identified in Western blots (Figure 4.3.4) regardless of 
the polyclonal antisera used. 
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4.4 Discussion 
There were no qualitative differences in the lipoproteins or apolipoproteins 
detected in the haemolymph of P. elegans or C. maenas haemolymph. Immunoreactive 
polypeptides, in the haemolymph of both species, were of comparable size to 
lipovitellin (Vt) subunits. These results agree with the general view that, crustacean Vt 
is derived from proteolysis of vitellogenin (Vtg) in the egg (Ciemens, 1978). 
The antiserum to P. elegans Vt stongly reacted with 3 polypeptides present in 
haemolymph from vitellogenic P. elegans females. Since the antiserum to VtD only 
reacted stongly with one of the polypeptides, around 86 kDa, present in haemolymph 
this might indicate conformational epitopes in the other two polypeptides, which are lost 
during the lipid removal process. 
In contrast to the fmdings of Spaziani et al. (1995), neither the antiserum to Vt 
nor apolipovitellin (VtD), produced in the current study, reacted with either lipoproteins 
or apoproteins in the haemolymph of male P. elegans. The same was true for antisera 
raised against C. maenas Vt and VtD. These differences between the studies may, in 
part, reflect different methodologies used to isolate antigens from which antisera were 
produced. 
Based on their hydmted densities, lipoproteins in crustacean haemolymph can be 
divided into two main classes, high-density lipoprotein (HDL) or very high-density 
lipoprotein (VHDL ), (Puppione et al., 1986; Spaziani et al., 1986; Komatsu and An do, 
1992; Chen and Chen, 1994; Lubzens et al., 1997; Abdu et al., 2001). HDLs (1.210 > d 
>1.063 g ml'1) can be further sub-divided into lipoprotein I (LPI) and the purported 
female-specific protein, Vtg (Tom et al., 1993; Lubzens et al., 1997). VHDLs and LPI 
have a variety of roles, including the transport of cholesterol and steroid hormones 
(Spaziani et al., 1989), reusable lipid shuttles (Puppione et al., 1986;Komatsu et al., 
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1993) and haemolymph clotting (Hall et al., 1995). Furthennore, LP1 from Penaeus 
vannamei (Ruiz-Verdugo et al., 1997) and P. semisu/catus (Lubzens et al., 1997) 
display a high degree of homology with the ~-1 ,3-glucan-binding protein which is 
associated with the immune response in crayfish (Soderhall et al., 1994). Conversely, 
VHDL is primarily involved in the interaction and exchange of lipids between 
lipoproteins. Both LPI and VHDL are present in the haemolymph of male and female 
Crustacea. 
Spaziani et al. (1995) extracted and purified (HDL) from the haemolymph of 
Ca/linectes sapidus and Cancer antennarius by ultracentrifugation (Spaziani et al., 
1986; Spaziani and Wang, 1991; Spaziani et al., 1995). After isolation and further 
separation using a stepwise sucrose gradient, HDL from the haemolymph of both male 
and female Cancer antennarius was resolved into 3 subfractions HDL 1, HDL2 and 
HDL3• Electrophoretic separation of the delipidated HDL subunits showed that the male 
HDL1 resolved into subunits of equivalent size to those of HDL3 present in both male 
and female haemolymph. Subsequently, Spaziani et al. (1995), produced antisera to the 
total HDL fraction, of both males and females, in native and delipidated fonns. 
In the current study, antisera were produced against Vt and VtD, extracted and 
purified from the ovaries of both P. elegans and C. maenas. Using antiserum to Vt from 
Penaeus semisu/catus, Lubzens et al. ( 1997) found that male HDL was comprised of 
LPl, while female HDL contained both LPl and Vtg. No cross-reaction was observed 
using antisera to Vtg with delipidated LP1 isolated from either sex and the antisera to 
LPl did not cross-react with delipidated Vtg or Vt (Lubzens et al., 1997). The results 
presented here are in accordance with those of Lubzens et al. (1997) and Tom et al. 
(1993) who only detected Vtg in the haemolymph ofvitellogenic Penaeus semisulcatus 
females. 
107 
Although insufficient information was provided as to the specific methodology 
used by Spaziani et al. (1995), it is possible that the total HDL fraction, which was used 
as the antigen, contained the LPI fraction as described by Lubzens et al. (1997) and it 
was to this that their antisera cross- reacted. Such a situation could explain: i) the 
conclusion reached by Spaziani et al. ( 1995) that neither Cancer antennarius nor 
Callinectes sapidus possesses sex-specific proteins and ii) the disparity between the 
findings of Spaziani et al. (1995) and the evidence for female-specific proteins in this 
and other studies (Stratakis et al., 1992; Tom et al., 1993; Lubzens et al., 1997). The 
latter could be addressed by screening the haemolymph of Cancer antennarius and 
Callinectes sapidus using the antisera raised in this study, however, a suitable supply 
was not available during the course of this study. Alternatively, the discrepancies 
between studies may simply reflect species differences. Further investigation is required 
to clarify the presence of FSPs in Crustacea, preferably through studies conducted using 
comparative methodologies. 
In the current investigation, the urnque presence of apolipoproteins 
immunoreactive to lipovitellin antisera solely in the haemolymph of vitellogenic 
females, suggests that Vtg is female specific; at least in C. maenas and P. elegans. 
Consequently, there is scope for developing Vtg induction, as a biomarker for exposure 
to oestrogenic chemicals, in both these species. It remains important, however, to 
consider that at present the role of oestrogenic hormones in crustacean vitellogenesis 
remains unclear (Fingerman et al., 1993; Warrier et al., 2001). Moreover, it remains to 
be shown that male crustaceans can synthesise Vtg. 
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5 Acute Toxicity and Aquatic Stability of 4-n-nonylphenol 
5.1 Introduction 
Alkylphenol polyethoxylates (APnEOs) are synthetic surface-active agents 
(surfactants) manufactured by reacting alkylphenols with ethylene oxide. The 
alkylphenol part is a hydrocarbon chain attached to a phenol, whilst the ethoxylate unit 
is a long chain of 2 carbon units connected by oxygen atoms (APERC, 1999). Around 
80% of APnEOs are nonylphenol ethoxylates (NPnEOs) in which the alkylphenol 
portion is a 9-carbon side chain attached to the phenol (Figure 5 .I. I). The majority of 
the remaining APnEOs are octylphenol ethoxylates (OPnEOs) where an 8-carbon side 
chain is attached to the phenol. 
CH3- CH2 
CH3- CH2- CH -CH2- ~ - 0" -0- [CH2CH20J" CH2CH20H 
' ' CH3 CH3 -
n = 0 • 20 (NPnEO) 
Figure 5.1 .1 Chemical Structure of nonylphenol polyethoxylates (NPnEO) 
APnEOs are commonly used in industrial detergents, plastics manufacturing and 
are minor components of some pesticide formulations (Blackburn et al. , 1999b ). In 
many instances NPnEOs are used to increase aqueous solubility of compounds and 
formulations, and it is this use in conjunction with their frequent discharge from 
domestic sewage treatment plants (STPs) which has caused concern (Ahel and Giger, 
1993). APnEOs undergo microbial degradation in STPs by removal of ethoxylate 
groups from the end of the ethoxylate chain (Ahel et al., 1994a). This is often achieved 
by conversion of the ethoxylate chain end to a carboxylic acid, forming alkylphenol 
ether carboxylate. This process is repeated until, one or two ethoxylates, NPIEO or 
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NP2EO remain, or all the ethoxylates are removed leaving the parent compound, 
nonylphenol (Figure 5.1 .2) (APERC, 1999). 
CH3- CH2 
CH3 -CH2 -CH-CH2 -~ -n- OH 
I ·V CH3 CH3 -
~~--~--~~~~ I Hydrocarbon Chain Phenol group 
Figure 5.1.2 Chemical Structure of nonylphenol (NP) 
Many of the final degradation products of APnEOs, particularly nonyJphenol 
(NP), are highly lipophilic and associate with the solid phase (sewage sludge) of waste 
water treatment. Ahel et al. (1994a) reported that 25% of all NPnEOs entering STPs in 
Switzerland leave as NP (Figure 5.1.3). However, more than 90% was associated with 
sewage sludge and not discharged directly into rivers. Unfortunately, the overall 
elimination of NPnEOs is reduced due to the formation of biorefractory metabolites 
which include NP, NPIEO and NP2EO but mainly comprise of nonylphenoxy 
carboxylic acids (NPIEC and NP2EC), which are discharged into rivers via secondary 
eftluent (Ahel et al. , 1994a). Typically, 6-90% of NP in wastewater is removed during 
treatment, but the remaining discharge of the immediate NP precursors, NP 1 EO and 
NP2EO, is relatively high (Figure 5.1.3). These compounds are lipophilic and readily 
associate with sediment where they are slow to degrade into NP (Giger et al., 1984). 
Accordingly, river sediments can potentially act as both a source and a sink for 
nonylphenolic compounds. 
Whilst secondary eftluent is responsible for around 60% of all nonylphenol 
compounds entering the environment, the remaining 40% derives from tbe high 
association of NP with digested sewage sludge (Figure 5.1.3) (Ahel et al., 1994a). 
Sewage sludge has previously been disposed of by deposition onto agricultural land 
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which, through erosion, can provide a direct untreated source of contamination into 
coastal waters. The dumping of sewage sludge directly into coastal waters (Ciark, 2001) 
may also provide a source of contamination, however this method of disposal has been 
banned in the U.K. since 1998 under the Urban Waste Water Treatment Directive. 
DNPnEO 
• NP1 EC + NP2EC 
SI NP1 EO + NP2EO 
•NP 
I K \ 
I • \ I \ 
I \ 
I \ 
/ - IS% \\ 
/ Secondary effluent Digested Sludge ' 
---------- ----------- --------~ 
Proportion of 
60 % nonylphenolic 40 % 
19 % NPnEC 
compounds, as 
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from STP 
11 % NPI EO + NP2EO 
8 % NPn3.2oEO 
35-40 % of 
Nonylphenolic 
Compounds 
Removed by STP 
60-65 % of 
Nonylphenolic 
Compounds 
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Figure 5.1.3 Estimated mass flow and composition of surfactant derived 
nonylphenolic compounds in a sewage treatment plant (STP). (adapted from data 
presented by Ahel et a/, 1994a) 
NPnEOs are of particular environmental concern because they are ubiquitous in 
aquatic environments (Raloff, 1996) and are highly toxic to aquatic organisms 
(McLeese et al., 1981 ). More importantly with regard to endocrine disruption, however, 
is that NPnEOs exhibit xeno-oestrogenic properties (Armstrong and K.ingsbury, 1979; 
Jobling and Sumpter, 1993). Furthermore, NP, NPlEO and NP2EO are highly lipophilic 
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and thus readily bioaccumulate in aquatic organisms (Ekelund et al., 1990; Ahel et al., 
1993). Consequently, the degradation products ofNPnEOs, including NP, are frequently 
far more toxic than their parent compounds, although bioaccumulated compounds may 
be stored in biologically inert forms (McLeese et al., 1981; Granmo et al., 1989; Naylor 
et al., 1992). 
In the U.K., it is estimated that 83% of all NPnEOs are released back into the 
environment, of which 37% enter the aquatic environment (CES, 1993). Allen et al. 
(2002) reported that 0.77 J.lg L"1 ofnonylpbenol was present in sewage effluent directly 
discharged into the river Tees. Furthermore, concentrations of NP in U.K. rivers and 
estuaries have been reported to be as high as 30 J.lg L-1 and 5.2 11g L-1 respectively 
(Blackburn and Waldock, 1995; Blackburn et al., 1999a; Lye et al., 1999). Similar 
studies in Switzerland have reported concentrations ofNP exceeding I 11g L"1 in 84% of 
sampled rivers (Ahel et al., 1994b ). 
Effects ofNPnEOs on aquatic invertebrates 
Whilst the acute toxicity of NP to Crustacea is greater than that of the parent 
NPnEO compounds (Ankley et al., 1990), it has been reported that the 96h LC50 for 
NPnEOs alone can differ by at least 2 orders of magnitude between different crustacean 
species (Swedmark et al., 1971 ). Several studies have investigated the acute toxic 
effects ofNP on a variety of freshwater aquatic organisms when in solution (McLeese et 
al., 1981; Comber et al., 1993), or associated with sediments (Bettinetti et al., 2002; 
Bettinetti and Provini, 2002). Other studies have investigated the toxicity of pyrethrins 
(Burridge and Haya, 1997), fenitrothion (Lignot et al., 1997) and TBTO (Lignot et al., 
1998) on the highly sensitive larval stages of Crustacea. Relatively few studies have 
considered the acute toxicity of NP to marine invertebmtes (Bechmann, 1999), and 
specifically Crustacea during their highly sensitive larval stages (see Lussier et al., 
(2000) for review). 
112 
The natural oestrogen 17~-oestradiol (E2), is frequently used as a positive 
control in both in vitro (Nakai et al., 1999) and in vivo (Billinghurst et al., 1998; 
Billinghurst et al., 2000) studies investigating the effects of xeno-oestrogens. Whilst 
some studies have investigated the acute toxicity of E2 to vertebrates (Kelly and Di 
Giulio, 2000; Kashiwada et al., 2002), comparatively little is known regarding the 
toxicity ofE2 to marine invertebrates (Breitholtz and Bengtsson, 2001). 
Several investigations have reported on the chronic toxicity of 4-NP to the 
development of marine invertebrates (Brown et al., 1999; Nice et al., 2000; Nice et al., 
2001; Nice et al., 2003). Such studies base their evaluation on expected nominal 
concentrations which are presumed to remain constant over time. However, in other 
investigations, it was noted that actual concentrations of 4-NP, when measured in 
exposure trials, differed significantly from the initial nominal concentrations 
(Billinghurst et al., 1998) and decreased over time (Nice et al., 2001; Nice et al., 2003). 
The objective of the present study was to determine the acute toxicity (LCso) 
values of 4-n-nonylphenol ( 4-NP) and the natural oestrogen 17~-oestradiol (E2) to the 
individual larval stages of C. maenas and P. elegans. 
In addition, this study aimed to investigate variations in the soluble 
concentration of 4-NP based on the hypothesis that nominal concentrations do not 
accurately reflect actual concentrations over time. 
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5.2 Methods 
5.2.1 Acute Toxicity 
The acute toxicity of acetone was determined prior to its use as a carrier solvent 
for E2 and 4-NP (Granmo et al., 1989). At concentrations of <1 ppt, acetone had no 
significant effect on larval survival (data not shown). Consequently only a solvent 
control treatment was used in acute toxicity trials (i.e. a seawater control was deemed 
unnecessary). 
Stock solutions of E2 (Sigma) and 4-NP (Lancaster Chemicals) were made in 
acetone at 1 mg mr1• These solutions were stored in air tight brown-glass bottles, in the 
dark, at 4°C for the duration of the experiments. Working solutions were made by 
dilution of stock solutions with acetone (Chapter 2). 
Batch cultures of Carcinus maenas and Palaemon elegans larvae were 
maintained as previously described (Chapter 2). The batch cultures were screened every 
24 h for newly moulted larvae. If insufficient larvae had developed to the required stage 
within the previous 24 h, the newly moulted animals were removed from the vessel and 
the culture rechecked 24 h later. Similarly if a few larvae moulted in one culture, these 
were removed and the following day the greater numbers of moulted individuals were 
separated into a new culture to assess the subsequent stage. Consequently, acute toxicity 
trials for each development stage were only determined with larvae which had a similar 
moult history. 
The acute toxicity of 4-NP and E2 to each larval stage was assessed using 22 
acid-washed 1 L glass beakers containing 1 L of clean filtered seawater. Between 10 
and 20 larvae (depending on availability) were added to each beaker with 2 replicates 
for 10 exposures and one solvent control containing acetone at <I ppt. The exposure 
treatments ranged from 15-576.7 1-1g L"1 of 4-NP or E2 in geometric increments. The 
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treated and control water was exchanged every 24 h by transferring the contents to an 
under-lit glass bowl. The vessels were refilled with the appropriate solution and the 
number of surviving larvae recorded and transferred back to the treatment with a wide-
bore pipette. Moribund animals, which failed to respond to gentle contact with a glass 
rod, were considered fatalities. The exposure was continued until the last survivor had 
moulted to the next stage. No food was provided during the exposure period. 
Calculations of 24, 48, 72 and 96 h LC50 values, with associated confidence 
limits (95%), were calculated by the Trimmed Spearman-Karber method (Hamilton et 
al., 1977) using a computer programme supplied by the Environmental Monitoring 
Systems Laboratory (E.P.A., U. S.). It was only possible to acquire 72 and 96h LCso 
data for larvae with intermoult stages exceeding 3 days. 
After the LC50 values had been calculated for each appropriate larval stage of 
both species, assessment of the 48 h LCso tests were repeated. This involved three 
identical lethality trials, as previously described, for each larval stage of both species. 
The 48 h LC50 value of each replicate trial was calculated and significant differences 
between larval stages investigated by analysis of variance. 
5.2.2 Water Analysis 
Actual concentrations of 4-NP in the test solutions were determined by gas 
chromatography and mass spectrometry (GC-MS). In order to prepare a calibration 
curve for NP, two working stock solutions of 1 !lg 1-11"1 (stock A) and 0.01 !lg 1-11"1 (stock 
B) were prepared from a I 00 !lg 1-1r1 stock solution of 4-NP in dichloromethane (DCM). 
The working stocks were further diluted with DCM to produce a calibration range from 
0.02-20 !lg rnl"1• 
A stock solution of 4-NP at I !lg 1-11" 1 was prepared in acetone (chapter 2) and 
diluted with acetone to give working stocks of 4-NP prior to treatment of samples. 
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Seventy two 1 L glass beakers containing 1 L of filtered seawater were divided 
into six groups, each of 12 vessels. In four of the groups, 4-NP was added to each vessel 
to give final nominal concentrations of 0.02, 0.2, 2, 20 1-1g L-1• The control treatment 
contained acetone at 25 ~-tl L-1• The remaining group of vessels contained 20 1-1g L-1 of 4-
NP and contained newly hatched Artemia sp. at 15 individuals rnl-1 (± 1 individual rnl-1). 
Vessels were gently aerated via glass tubing and illuminated from above using 
fluorescent lights on a square wave pattern (12L: 12D). 
Immediately after the solutions had been prepared, 3 x 1 L of each test solution 
was subjected to solid phase extraction (SPE) using C18 !solute trifunctional (non-
endcapped) cartridges (1g, 6rnl) (Jones Chromatography) to isolate NP. Preparation of 
the columns prior to extraction was conducted according to the manufacturers' 
instructions (Billinghurst et al., 1998). In brief, columns were activated with 5 ml of 
ethyl acetate, followed by methanol in equal volume and then left to soak in 5 ml 
methanol. The SPE columns were finally rinsed in 10 ml ofmilli-Q water before use. 
Prior to SPE, 5 1-1g of 4-tert-octylphenol (4-0P: Fluka, U.K.; >90%), dissolved in 
DCM was added to each vessel as a surrogate standard. The water was drawn through 
the C18 columns using a vacuum manifold. After extraction, the columns were air dried 
and eluted through 3.5 g sodium sulphate drying cartridges (Jones Chromatography -
!solute) using 3 ml ethyl acetate followed by 3 ml of DCM. Eluted solvents were 
concentrated to <500 ~-tl under oxygen-free nitrogen to which 5 1-1g of 2,4,6-
tribromophenol (TBP) was added in 5 ~-tl of DCM as an internal standard and the 
volume made upto 1 ml with DCM. 
In the treatment containing 20 1-1g L-1 4-NP and Artemia sp., it was necessary to 
remove the Artemia sp. by passing the test solution through a 80 ~-tm sieve before 
subjecting the solution to SPE. A further 3x 1 L of each test solution was subjected to 
SPE after 6, 12 hand 24 hand the samples stored in the dark at 4°C prior to analysis. 
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GC-MS analysis was performed by on column injection (1 ~I) of the sample in 
DCM (I ml). Analysis was conducted using a Hewlet Packard 5973 MSD fitted with a 
30 m DB5MS column (J&W Scientific), 0.25 ~m coating with 0.25 mm internal 
diameter. Helium was used as the carrier gas at 1.5 ml min"1 flow mte and 50 kPa inlet 
pressure at 40°C. The GC oven was held at 40°C for 5 minutes then increased to 150°C 
at 4°C min-1 and then from by 150-300°C at l5°C min-1 where it was maintained for 45 
min. Standards were analysed to ascertain fragmentation patterns and principle ions for 
selected ion monitoring (SIM) GC-MS. Seven ions were monitored, 107, 135, 141,206, 
220, 330, 332, with the selected ions rn/z 107, 135 and 330 corresponding with 4-NP, 4-
OP and TBP respectively. 
Concentmtions in this study were determined by integrating the peak areas of the 
oligomers in the rn/z 107 (4-NP), 135 (4-0P) and 332 (TBP) mass chromatogmms. 
Quantification was made by calculating the ratio of the analyte and internal standard 
peak areas using a response factor measured from the surrogate standard. A calibmtion 
standard containing 5 ~g each of 4-NP, 4-0P and TBP was used to calculate the 
response factor (Rf) for the analyte (al) and the surrogate standard (ss) according to the 
response from the internal standard (is) using the following equation: 
Rf = [{ss or a!} peak area] x [ is wt ] 
is peak area {ss or a/} wt Equation 5.1 
where the ss, a/ and is peak areas were determined by integmtion of rn!z 107, 135 and 
332 respectively. In this equation the relationship between the weight of the internal 
standard (is wt), surrogate standard (ss wt) and analyte (a/ wt) (5 ug) is a constant. 
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Using the surrogate response factor (ssRf) it was possible to detennine the percentage 
of recovery from the solid phase extraction process by the equation 
% Recove1y{ssJ?llo} x x x l 00 = ([ ss peakarea] [is wt] [ 1 ]) is peakarea ssRf ss wt Equation 5.2 
Therefore, using the relationship between the integrated peak areas of the ions m/z 107 
(al) and 332 (is) and the analyte response factor (a/RF) according to Equation 5.1, the 
analyte yield (y1) could be detennined from the following equation: 
= [
al peak area] is wt [ 1 ] 
is peak area x {:} x a/ Rf 
Equation 5.3 
Since y1 represents the analyte yield determined directly from the relationship between 
the analyte recovery factor (a/ Rf) and the internal standard, it does not consider losses 
arising from the SPE process. The corrected analyte yield (y2) can calculated from the 
equation: 
Equation 5.4 
where losses of the surrogate standard in the SPE process (ss R%) are used to correct for 
losses in the analyte during the same process. The preceding equations were applied to 
each sample that underwent GC-MS analysis. An additional procedural blank of 5 11g of 
4-0P in 1 L of distilled water underwent SPE for each of the sample periods. 
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5.3 Results 
5.3.1 Acute Toxicity 
Toxicity of 4-NP to Carcinus maenas Larvae 
There was a clear development-related trend in the toxicity of 4-n-nonylphenol 
(4-NP) to the larval stages of C. maenas (Figure 5.3.1.1). The early larval stages were 
considerably more sensitive to 4-NP than the latter stages (Figure 5.3.1.1). This pattern 
of decreasing sensitivity with zoeal stage followed by an increase in sensitivity after 
moulting to megalopa was consistent regardless of the duration of the exposure, i.e. 24-
96h. 
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Figure 5.3 .1 .1 Median lethal concentrations (LC50) of 4-n-nonylphenol to the larval (Z 1-4) 
and megalops (M) stages of C. maenas after 24, 48, 72 and 96 h. Values calculated using 
trimmed Speannan-Karber model and presented with upper and lower confidence intervals. 
The mean 48 h LCso values of each larval stage of C. maenas larvae to 4-NP 
from 3 replicate assays are summarised in Table 5.3.1.1 One factor analysis of variance 
on the mean 48 h LCso values of C. maenas larvae exposed to 4-NP (Table 5.3.1.2) 
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indicated that there were significant differences between some of the larval stages 
(ANOVA: F=271.36, d.f.=7,23, p<O.OOI). 
Table 5.3.1.1 Mean 48h LC50 (n=3) of 4-NP (Jtg L-1) to the larval stages of C. maenas. Values 
presented with standard error (SE) and toxicity range for each stage. 
Stage LCso SE Range 
Zoea 1 132.4 2.0 111.6 - 154.2 
Zoea2 207.0 6.5 170.4 - 232.3 
Zoea3 287.4 8.2 236.5 - 309.8 
Zoea4 406.2 8.2 324.8- 507.3 
MegaloEs 280.1 3.2 244.4 - 318.9 
The toxicity of 4-NP to each larval stage of C. maenas was significantly lower 
than to the previous stage (Table 5.3.1.1 & Table 5.3.1.3). The mean 48 h LC5o value of 
280.1 ± 3.2 J..Lg L-1 (Table 5.3.1.1) for the megalopal stage however, was not 
significantly different to the mean 48h LC50 value of287.4 ± 8.2 J..Lg L-1 for zoea 3 (Z3) 
(Table 5.3. 1.3) indicating that the megalopaJ stage of C. maenas is more sensitive to 4-
NP than the Z4 stage. 
Table 5.3.1.2 One-way Analysis of Variance (ANOVA) on 48 h LC50 values of C. maenas zoea 
and megalopae larvae exposed to 4-n-nonylphenol. Analysis conducted on LC50 values 
determined from 3 replicate assays using trimmed Spearman-Karber model. 
Source of Sum of Degrees of Mean F-Value Probability 
Variation Squares Freedom Square 
Stage 124734 4 31184 271.36 <0.001 
Residuals 1149 10 liS 
Total 125883 14 
Table 5.3.1.3 Tukey' s pairwise comparisons displaying differences in mean LC50 values (n=3) 
of C. maenas larvae exposed to 4-n-nonylphenol. 95% confidence intervals of differences in 
means given in brackets,* denotes significant differences at 5% level. 
Zoea I Zoea2 Zoea 3 Zoea4 
Megalopa -147.77* -73.12* 7.23 126.01 * 
(-I 76.56, -I I 8.98) (-101.91 , -44.33) ( -21.56, 36.02) (97 .22, 154.8) 
Zoea4 -273.78* -199.13* -118.78* 
(-302.57, -244.99) (-227.92, -170.34) i(-147.57, 89.99) 
Zoea 3 -155.0* -80.34* 
(-183.79, -1 26.21) (-109.14, -51.56) 
Zoea2 -74.65* 
(-103.44, -45.21) 
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Acute toxicity of 4-NP to Palaemon e/egans Larvae 
In contrast, to the toxicicity of 4-NP to C. maenas larvae, the early larval stages 
of P. elegans were less sensitive to 4-NP than the intermediate stages, while there was a 
decrease in sensitivity towards the postlarval stages (PL) (Figure 5.3.1.2). The initial 
larval stages, as well as the Z7 stage, of P. elegans have a 2 day development period and 
consequently only 48 h LCso values could be obtained. As can be seen in Figure 5.3.1.2, 
however, the general pattern of activity was similar for the 24 b and 48h results and 
suggested that the general pattern of activity would be comparable for 72 h. 
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Figure 5.3.L.2 Median lethal concentrations (LC50) of 4-n-nonylpbenol to the larval (ZI-7) 
and 151 postlarval (PL) stages of P. elegans after 24, 48, 72 and 96 h. Values presented with 
95% confidence intervals (n=3). 
The mean 48 h LCso values for all the larval stages of P. elegans (Table 5.3.1.4) 
were weU below the levels observed for C. maenas larvae (Table 5.3.1. 1 ). One factor 
analysis of variance (Table 5.3.1.5) indicated that there were significant differences in 
the toxicity of 4-NP between some of the larval stages of P. e/egans (ANOV A: 
F=229.52, d.f.=7,23, p<O.OOI). 
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Table 5.3.1.4 Mean 48h LC50 (n=3) of 4-NP (~tg L-1) to the larval stages of P. e/egans. Values 
presented with standard error (SE) and toxicity range for each stage. 
Sta~e LCso SE CIRan~e 
Zoea I 87.5 0.7 77.86 - 96.09 
Zoea 2 66.4 1.4 59.29- 73.08 
Zoea3 66.9 0.6 59.81 - 76.09 
Zoea4 49.2 0.3 44.98 - 52.62 
Zoea5 41.8 1.6 35.64- 49.91 
Zoea 6 41.0 1.7 34.34- 46.01 
Zoea 7 47.3 0.7 42.28 - 52.77 
151 Sta~e Post larvae 67.4 0.7 60.90 - 75.03 
Table 5.3.1.5 One-way Analysis of Variance (ANOVA) on 48 h LC50 values of P. e/egans 
larvae (zoea 1-7) and postlarvae larvae exposed to 4-n-nonylphenol. Analysis conducted on 
LC50 values detennined from 3 replicate assays using trimmed Spearman-Karber model. 
Source of Sum of Degrees of Mean F-Value Probability 
Variation Squares Freedom Square 
Stage 5560.74 7 794.39 229.52 <0.001 
Residuals 55.38 16 3.46 
Total 5616.12 23 
A summary ofTukeys pairwise comparisons between the mean 48 h LCso values 
of each stage is presented in Table 5.3.1.6. While there were significant differences 
between most of the larval stages, unlike C. maenas there were no consistent differences 
in the sensitivity to 4-NP between subsequent larval stages. There was however, due to 
the shape of the toxicity profile of P. elegans larvae (Figure 5.3.1.2), a clear pattern. 
There was no significant difference between the 48h LC5o of Z2 (66.4 ± 1.4 Jlg L-1) or 
Z3 larvae (66.9 ± 0.6 Jlg L-1). Nor were there significant differences between the LCso 
values for Z5 and Z6 (Table 5.3. 1.6). Furthermore, as a result of the decrease in the 
sensitivity of the latter larval stages, only the initial zoeal stage and the stages between 4 
and 7 were significantly different to the first postlarval stage (Table 5.3.1.6). Overall the 
initial larval stage (Zl) was significantly less sensitive to 4-NP, with a mean 48 h LCso 
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value of 87.5 ±0.7 J..l.g L-1, than the other stages. The remaining stages arbitrarily faH into 
3 groups with mean 48h LCso values of 66.4-67.4 J..l.g L-1 (Z2, Z3 and PL), 47.3-49.2 J..l.g 
L-1 (Z4 and Z7) and 41-41.8 J..l.g L-1 (Z5 and Z6). 
Table 5.3.1.6 Tukey's pairwise comparisons displaying differences in mean LC50 values (n=3) 
of P. elegans larvae exposed to 4-n-nonylphenol. 95% confidence intervals of differences in 
means given in brackets,* denotes significant differences at 5% level. 
Zoea I Zoea2 Zoea 3 Zoea4 Zoea 5 Zoea6 Zoea 7 
PL 20.10* -1.04 -0.58 -18.26* -25.63* -26.44* -20.18* 
( 14.84,25.36) (-6.30,4.22) (-5.84,4.69) (-23.52,-13.00) (-30.89,-20.36) I c-3 1.71 ,-21.18> (-25.44,-14.92) 
Zoea 7 40.28* 19.14* 19.60* 1.92 -5.45* -6.26* 
(35.02,45.54) (I 3.88,24.40) ( 14.34,24.87) (-3.34,7. 18) (-10.71,-0.18) (-11.53,-1.00) 
Zoea6 46.54* 25.40* 25.87* 8.18* 0.82 
( 41.28,51.81) (20.14,30.67) (20.60 J 1.13) (2.92, 13.45) (-4.45,6.08) 
Zoea 5 45.73* 24.59* 25.05* 7.37* 
(40.46,50.99) (19.32,29.85) (19.79,30.3 1) (2. 1 0, 12.63) 
Zoea4 38.36* 17.22* 17.68* 
(33. 10,43.62) ( 11 .96,22.48) ( 12.42,22.95) 
Zoea 3 20.68* -0.46 
(15.41 ,25.94) (-5.73,4.80) 
Zoea2 21.14* 
( 15.88,26.40) 
Acute toxicity ofE2 toP. elegans and C. maenas larvae 
Median lethal concentrations of 17P-oestradjol (E2) to all the larval and 
postlarval stages of both species were greater than 2 mg L-1• In toxicity trials no 
mortalities were observed in treatments <1.6 mg L-1 E2. At tills concentration, however, 
E2 was observed to start to precipitate out of seawater. Since the test concentrations 
used in further studies were well below 50 J..l.g L-1, the final LC5o value of E2 for P. 
elegans and C. maenas larvae was not ascertained. 
5.3.2 Water Analysis 
GC-MS total ion current (TIC) chromatograms of spiked seawater, after solid 
phase extraction using C18 columns, revealed peaks corresponding to 4-n-nonylphenol 
(4-NP), 4-tert-octylphenol (OP) and 2,4,6-tribromophenol (TBP) (Figure 5.3.2.1). In 
addition to the calibration standards, a single major, and 2 minor unidentified peaks 
with retention times greater than 22 min were observed (arrowed, Figure 5.3.2.1) 
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Figure 5.3.2.1 GC-MS total ion current (TIC) chromatogram illustrating 4-n-nonylphenol (4-
NP), 4-tert-octylphenol, ( 4-0P) and 2,4,6-tribromophenol (TBP) present in calibration 
standard. Arrows indicate unidentified compounds: 
l 
TIC traces were then correlated with single ion chromatograms of individual 
compounds confirming peak identification (Figure 5.3.2.2). Quantification of 4-NP was 
performed after GC-MS analysis by rationing the analyte peak areas (4-NP) against the 
internal standard peak (TBP) areas using a response factor measured from the standard 
mixture. Surrogate (4-0P) and analyte (4-NP) response factors (R.f) were typically 4.8 
and 6.2 respectively. The mean extraction efficiency of 4-NP from triplicate extractions 
of20 J..l.g of 4-NP in 1 L of distilled water was 97.9 ± 4.6%. 
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Aluldroce Ion 107.00 (106.70 to 107.70): 
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Figure 5.3 .2.2 GC-MS single ion current (SJC) chrornatograms for: (A) 4-n-nonylphenol (4-
NP) at I 07 m/z. (B) 4-tert-octylphenol ( 4-0P) at 135 rn/z. (C) 2,4,6 tribromophenol (TBP) at 
330m/z extracted from I L seawater spiked with 20 J.lg 4-NP, 5 J.lg 4-0P and 5 J.lg TBP. 
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GC-MS analysis of the seawater control which contained 0.025% (v/v) of 
acetone revealed the presence of0.029±0.001 Jlg L-1 of4-NP (Table 5.3.2.1). There was 
very little change in this concentration over the first 12 h (0.028±0.004 Jlg L-1) with the 
measurable level of 4-NP in the solvent control falling to 0.019±0.001 Jlg L-1 after 24 h. 
Consequently these concentrations were considered background levels and were 
subtracted from the concentrations recorded for the 4-NP treated test solutions. 
Although samples were taken immediately after treating test solutions with 4-
NP, the extraction procedure took approximately 30 minutes. The initial readings were 
therefore considered to have been taken 0.5 h after starting the experiment. There were 
differences between the predicted nominal concentration and the recorded concentration 
in each of the test solutions after only 0.5 h (Table 5.3.2.1 ). 
The initial concentrations of 0.02, 0.2 and 2 Jlg L-1 4-NP were 29, 15, and 7% 
lower than the predicted nominal concentrations respectively (Table 5.3.2.1 ). 
Conversely the concentration of 4-NP in the 20 Jlg L-1 treatment was 23.328 ±3.053 Jlg 
L-1, approximately 16% greater than the nominal concentration. 
After 24 h, 0.02 Jlg L-1 4-NP solution (nominal) had an actual concentration of 
0.003 ±0.003 Jlg L-1 4-NP. This is 87.3% lower than the initial nominal concentration 
and 78.6% less than the initial measured concentration of 0.014±0.003 Jlg L-1• Similar 
reductions were observed in the other treatments where initial determinations of 0.169, 
1.867 and 23.328 Jlg L-1 equated to 36, 55.6 and 17.8% over 24 h, respectively (Table 
5.3.2.1). 
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Table 5.3.2.1 Nominal and definitive concentration of 4-NP in test solution over 24h as 
determined by GC-MS. Concentrations (~g L-1) presented as mean values (n=3) with standard 
error and corrected for residual 4-NP in seawater control. Percentage differences relative to 
nominal concentration are presented in brackets. Artemia present at 15 individuals per ml. 
% Difference between 
Nominal 0.5 h 12 h 24 h concentration of 4-NP Concentration measured at 
0.5 h & 24 h 
Sea water 0.029 ±0.001 0.028 ±0.004 0.019 ±0.001 
0.02flg L-1 0.014 ±0.003 0.01 ±0.006 0.003 ±0.003 78.57 (-28.65%) (-50.5%) (-83.7%) 
0.2 f.lg L-1 0.169 ±0.009 0.135 ±0.016 0.108 ±0.026 36.09 (-15.4%) (-32.7%) (-45.9%) 
2 f.lg L-1 1.867 ±0.465 1.05 ±0.172 0.829 ±0.123 55.6 (-6.6%) (-47.5%) (-58.5%) 
20 flg L-1 23.328 ±3.053 20.835 ±3.136 19.18 ±0.709 17.78 (+16.6%) (+4.2%) (-4.1 %) 
20 f.lg L-1 + 15.85 ±1.568 4.992 ±0.492 2.149 ±0.080 86.44 Artemia (-20.8%) (-75%) (-89.3%) 
The in1tial recorded concentration of 4-NP (23.328±3.14 J..l.g L-1) was 16.6% 
higher than the desired 20 J..l.g L-1 nominal treatment (Table 5.3 .2. 1 ). However, in an 
identical treatment in which Artemia sp. were present, the initial concentration of 4-NP 
was 15.85 ±1.568 ~g L-1, i.e. 20.8% lower the nominal 20 J..l.g L-1 and a total difference 
of 37.4%. The 37.4% difference between the two treatments was apparent throughout 
the time course, with far greater losses being recorded in the treatment containing 
Artemia sp. After 24 h the concentration of 4-NP in the presence of Artemia sp. had 
fallen to 2.149 ±0.08 J..l.g L-1 in comparison to the 19.18 ±0.709 J..l.g L-1 extracted from 
seawater alone. The total loss of 4-NP, therefore, from the initial recorded 
concentrations was only 17.78% in the absence of live animals but 86.4% in their 
presence. 
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5 .4 Discussion 
The toxicity of 4-n-nonylphenol (4-NP) to Carcinus maenas larvae was greatest 
during the initial zoea 1 (Zl) stage, with a significant decline in toxicity between each 
successive stage as the larvae developed to Z4. There was an approximate 50% increase 
in the toxicity of 4-NP from Z4 to the megalopal stage, with 4-NP being of comparable 
toxicity to megalopae and Z3. In contrast 4-NP was less toxic to the initial stages of 
Palaemon e/egans and significantly increased in toxicity as the larvae progressed to the 
intermediate zoeal stages. After Z6, however, there was a significant decline in toxicity 
as the larvae progressed to the later larval and first postlarval stage. 
The LC50 values for 4-NP to all the larval stages of both species consistently 
declined with increasing exposure from 24 h to 96 h. In general the profile for each 
stage, based on increasing period of exposure, followed a similar pattern in both species, 
indicating a reproducible time dependant toxic effect. In order to ensure a high degree 
of precision in determining LC50 values, it is recommended that the confidence intervals 
of LCso calculations should be within 1.3x the mean LC50 value (Sprague, 1990). This 
was true of all the LC50 values presented in this study. 
The recommended exposure period for acute toxicity tests usmg aquatic 
organisms is 96 h (APHA, 1971 ). Whilst this is practical for many organisms, allowing 
comparisons of toxic effects between species, unfortunately not all species are amenable 
to this exposure. This was true for P. elegans larvae where the duration of several larval 
stages is less than 96 h and in some cases less than 72 h. 
The LCso values of P. e/egans larvae (Zl-Z7) exposed to 4-NP for 48 h were 
between 41-87 J..lg L·'. In comparison, C. maenas larvae, including the megalopa stage, 
were less sensitive to 4-NP with 48h LC5o values varying between 132-406 J..lg L" 1• 
Lussier et al. (2000) reported that the 96h LCso values of para-nonylphenol for a variety 
of organisms, covering a wide range of phyla, were all within a narrow 17-195 J..lg L -I 
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range. This is consistent with results of this study where 45-100 J,lg L" 1 96 h LCso values 
were determined for C. maenas larvae and 37-64 J.lg L"1 72 h LC50 values for some P. 
elegans larval stages. 
Very few studies have evaluated the toxicity of 4-NP to the larval stages of 
marine invertebrates. Bechman (1999) reported LCso values for the nauplii of the 
marine copepod, Tisbe battag/iai, of between 30-60 J.lg L-1 4-NP. These values are three 
times lower than the 48h LC50 of 190 J.lg L-1 reported for the adult stage of the 
freshwater cladoceran, Daphnia magna (Comber et al., 1993). Although published 
results provide a limited database for Crustacea, 4-NP appears to follow the general 
trend of other contaminants like pesticides, with the larval stages being more sensitive 
to its toxic effect than the adults. This is certainly true of C. maenas where the LC50 for 
adults exposed to nonylphenol ethoxylates was in excess of 100 mg L-1 (Swedmark et 
al., 1971) while the LC50 values for larvae exposed to 4-NP in the current study were 
around 100-400 J.lg L-1• Unfortunately, the narrow toxic range of nonylphenol observed 
in many marine invertebrate species suggests that few organisms could be suitable as 
sentinel species; acute toxic effects observed in the monitored species may already be 
indicative of complete mortality in several others (Lussier et al., 2000). 
Although 4-NP is reportedly highly toxic to marine organisms (McLeese et al., 
1981; Granmo et al., 1989), this is only relative to its effects on terrestrial organisms. 
Other marine pollutants, including the organophosphorus insecticide, fenitrothion 
(Lignot et al., 1997) and tributyltin oxide (TBTO) (Lignot et al., 1998), are at least an 
order of magnitude more toxic to marine invertebrate larvae than 4-NP. 
The mode of toxic action also appears to differ between organisms and the 
toxicants to which they are exposed. In acute toxicity tests, stage I larvae of the lobster, 
H americanus, tend to be the most sensitive zoeal stage to many xenobiotics (Capuzzo 
et al., 1984; Young-Lai et al., 1991 ). This is similar to the larval toxicity profile of 4-NP 
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to Carcinus maenas in the present study. In contrast, the latter larval stages of the 
freshwater midge, Chironmus riparius, were less sensitive to the ecdysone agonist, 
tebufenozide, than the early stages (Hahn et al., 2001), while the juvenile hormone 
mimic methoprene also had a similar profile of activity on Palaemonetes pugio 
(McKenney and Matthews, 1990). These larval toxicity profiles are the opposite of 
those observed for 4-NP with P. elegans larvae in the current study but agree with the 
data for C. maenas larval exposures. 
The mechanism of toxic action of 4-NP to the larvae of P. elegans and C. 
maenas was not investigated during the course of this study. However, nonylphenol is 
capable of reducing the production of NAD+ by up to 50% based on its effect on the 
energy coupled reverse electron transfer in submitochondrial particles in mammalian 
tissue (Argese et al., 1994). Nonylphenol has also been shown to inhibit ATPase 
activity, that is necessary to provide energy to muscles (Michelangeli et al., 1990) and 
to inhibt endoplasmic reticulum Ca2+ pumps, thus disturbing Ca2+ homeostasis (Hughes 
et al., 2000). If comparable modes of action act within invertebrates, it can be predicted 
that both energy extraction from reserves and its efficient use in physiological processes 
at a cellular level would be impaired by 4-NP exposure. 
Initial attempts, using 4-tert-butylphenol as a surrogate standard (Billinghurst et 
al., 1998), to measure 4-NP concentrations gave inconsistent extraction efficiencies 
(E.). Consequently the method was adapted and 4-tert-octylphenol (4-0P) was used as a 
surrogate standard (M. Jones, UoN, pers. corn.). The E. for the removal of soluble 4-NP 
from seawater in this study using 4-0P and 2,4,6-tribromophenol as surrogate and 
internal standards respectively, was 97.9±4.6%. This is comparable to the 104±2.8% E. 
reported by Lye et al. (1999) using a similar GC-MS technique and the 99±6.3% Ee 
reported by Comber et al. (1993) using an HPLC technique. 
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The initial concentrations of 4-NP extracted from solution and measured using 
GC-MS were not in agreement with the expected nominal concentrations. The measured 
concentrations of the lowest three treatments (0.02-2J.1gL.1} in this study were 6-29% 
lower than nominal. The difference between the nominal and actual concentrations 
declined as the concentration increased. While these results agree with losses of around 
22% (Bechmann, 1999) and 20-25% (Bettinetti et al., 2002) reported in other studies 
there are exceptions, for example, Comber et al. (1993) using HPLC and Nice et al. 
(2001 & 2003) using GC-MS, reported that actual 4-NP concentrations measured were 
comparable to nominal concentrations. 
Billinghurst et al. (1998) reported that over the range 0.1-10 J.lg L" 1 the initial 
measured concentrations of 4-NP in seawater were as low as 60-70% of the nominal 
concentration. In the same study, a I 00% increase in actual concentration of 4-NP was 
reported, compared to the nominal treatment of 0.01 J.lg L·' (Billinghurst et al., 1998). 
In the present study the measured 4-NP in the highest treatment was almost 17% greater 
than the nominal concentration of 20 J.lg L·'. Whilst this overestimation is probably due 
to a minor error in dosing the treatments, an increase of 6% was reported by Comber et 
al. (1993) based on a nominal concentration of 32 J.lg L" 1• 
In previous chronic toxicity studies, measures of the loss of nonylphenol 
compounds in seawater have frequently been conducted in the absence of biological 
material (Billinghurst et al., 1998; Nice et al., 2000). Overall such studies have 
observed between 30% (Comber et al., 1993) and 60% (McLeese et al., 1980) loss of 
soluble nonylphenol over 48 h. These losses are often attributed to the sorption of 
nonylphenol to the surfaces of culture vessels since the degradation of nonylphenolic 
compounds in the absence of sediment is reported to be as low as 0.06% per day 
(Ekelund et al., 1993). However, the present study determined 86% losses of 4-NP in 
test solutions containing Artemia sp., as food, over 24 h. This value compared to a loss 
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of 18% in cultures containing no Artemia sp. Although data were not presented 
regarding the presence or absence of organic matter in the test vessels, Nice et al. 
(2001) reported losses of up to 98% of 4-NP in test cultures after 48 h. As these losses 
are high compared to other studies (McLeese et al., 1980; Comber et al., 1993), one 
possible explanation is that algae (provided as food) were present in the water from 
which 4-NP was extracted. Similar studies by Bechmann (1999) reported SO% losses of 
4-NP over 96 h in test cultures containing T. battagliai. Although these losses were not 
as high as observed in the present study, the animal density was lower and the animals 
were contained in plastic vessels which may have leached nonylphenol compounds into 
the test media. These results indicate that while some loss of nonylphenolic compounds 
will arise from sorption to vessels, the majority is probably be lost through binding to 
organic matter in the test cultures. This is to be expected given the lipophilic nature of 
nonylphenols (Ekelund et al., 1990; Ahel et al., 1993). Further work is needed to 
ascertain whether bound nonylphenol is ingested with the diet; as there is then the 
potential for increased bioaccumulation prior to ingestion. 
In the present investigation, 29 ng L·' of 4-NP was detected in untreated 
sea water sampled off the coast of Cullercoats (NW. England). Billinghurst et al. (1998), 
using a similar extraction protocol, recorded concentrations of 5 ng L·' of 4-NP in water 
sampled 12 miles of the coast of southwest England. Differences between the two 
values may be attributable to the increased sensitivity of the GM-MS instrumentation 
used in this study. However it is more likely that the values represent actual differences 
in the distribution of nonylphenol ethoxylates in the coastal waters of the U.K. The 
higher concentration of 4-NP at Cullercoats may be related to the ICI plant at Wilton 
(Teeside) which, being the largest producer ofNPEs in the U.K, is less than 25 nautical 
miles from the sample site. 
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In part this study was conducted as a range finding exercise to ascertain suitable 
exposure regimes for investigating chronic toxicity effects of 4-NP on P. e/egans and C. 
maenas larvae. In order to discriminate between chronic and acute toxic effects, the 
chronic effects of a chemical should be investigated at levels at least an order of 
magnitude below those at which acute toxicity is observed (Breitholtz and Bengtsson, 
2001). It is the conclusion of this study that such chronic investigations should be 
conducted at exposure levels of ~5 J.lg L-1 for P. elegans larvae and ~10 J.lg L-1 for C. 
maenas larvae. These values are also consistent with the no observed effect 
concentration (NOEC) of 3.7 J.lg L-1 reported for several invertebrate species exposed to 
nonylphenol and octylphenol compounds (Servos, 1999). 
In comparison to 4-NP, E2 was relatively non-toxic to the larvae of both C. 
maenas and P. e/egans. There were no significant levels of mortality during 96 h LCso 
exposures at E2 concentrations below 2 mg L'1 for any of the larval stages of either 
species. Breitholtz et al. (200 1) reported comparable LC50 values of 1.6 mg L-1 for the 
copepod, Nitocra spinipes, exposed to E2. Since concentrations of E2 in estuarine and 
coastal waters are considered to be seveml orders of magnitude below 2 mg L'1 (Alien 
et al., 2002), definitive LCso calculations were not completed in this study and E2 
concentrations were used at comparable levels to 4-NP in subsequent chronic toxicity 
. investigations. 
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6 Effects of 4-n-nonylphenol and 17p-oestradiol on the 
Development, Growth and Survival of Crustacean Larvae 
6.1 Introduction 
In recent years, a considemble body of evidence has implicated many 
anthropogenic chemicals as being capable of interfering with the endogenous hormonal 
processes of a variety of species (Jobling and Sumpter, 1993; Guillette et al., 1999; 
Bosveld and van den Berg, 2001 ). In many cases, these endocrine disrupting chemicals 
(EDCs) enter and pass through the aquatic environment via sewage effluent, eventually 
ending up in coastal waters (Ahel et al., 1994a; Ahel et al., 1994b; Blackbum et al., 
1999b). Currently the majority of the information relating to the effects of EDC's on 
aquatic species is limited to the action of oestrogen mimics (xeno-oestrogens) on the 
oestrogen receptor of freshwater and estuarine fish (Jobling and Sumpter, 1993; 
Sumpter and Jobling, 1995; Folmar et al., 1996; Knudsen et al., 1991; Arukwe et al., 
1998; Christensen et al., 1999; Harries et al., 1999; Thorpe et al., 2003). 
Few studies have considered the effects ofEDC's on aquatic invertebrates. With 
the notable exception of imposex characteristics in gastropod molluscs exposed to 
tributyltin (Gibbs and Bryan, 1986; Evans et al., 2000) there are very few clear 
indications that endocrine disruption occurs in aquatic invertebrates. However, several 
studies have implicated oestrogens, xeno-oestrogens, insecticides, and both PCBs and 
P AHs as having a detrimental effect on moulting and reproduction in invertebmtes 
(Baldwin et al., 1995; Baldwin et al., 1991; Zou and Fingerman, 1997a; Oberdtlrster et 
al., 1999) which are both under endocrine control. 
In Crustacea, moulting and probably reproduction is regulated by fluctuating 
titres ofecdysteroids (Charniaux-Cotton, 1985; Fingerman, 1987; Lachaise et al., 1993; 
Charmantier and Charmantier-Daures, 1998; Huberman, 2000; Subramoniam, 2000). 
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Ecdysteroids are cholesterol-derived hormones which are crucial in crustacean 
development and appear to bind to a family of receptors in a similar manner to 
oestrogens (Chung et al., 1998). It has been suggested that due to structural similarities 
with the primary moult-regulating hormone 20-hydroxyecdysone (20-E), certain EDCs 
and in particular xeno-oestrogens, may be capable of disturbing ecdysteroid pathways 
via interaction with the ecdysteroid receptor (Baldwin et al., 1995; Zou, 1997; Zou and 
Fingerman, 1997a). 
A high proportion of the benthic harpacticoid copepods m coastal waters 
receiving discharge from a sewage treatment plant were observed to have intersex 
characteristics; an extremely rare condition for pristine communities of harpacticoid 
copepods (Moore and Stevenson, 1991; Moore and Stevenson, 1994). While neither 
moulting nor reproduction of the cladoceran, Daphnia magna, were affected by 
bisphenol A (Caspers, 1998), other EDCs including Endosulfan and diethylstilbestrol 
(DES), have been reported to inhibit moulting in D. magna (Zou and Fingerman, 
1997a). Billinghurst et al. (1998) observed that exposure to the xeno-oestrogen 4-n-
nonylphenol (4-NP) at 1 j.lg L.1 significantly reduced settlement rates of barnacle larvae. 
Brown et al. ( 1999) hypothesised that abnormalities observed in the morphology of the 
amphipod, Corophium volutator, were due to the action of 4-NP on hormonal processes 
regulating secondary sex characteristics, presumably via the androgenic gland. 
Moreover, up regulation of the vitellin-like cyprid major protein (CMP) has been 
reported in larvae of the barnacle, Balanus amphitrile, exposed to 4-NP and the natural 
steroid hormone 17~-oestradiol (E2) both at 1 j.lg L-1 (Billinghurst et al., 2000). 
Conversely no concentration related effects on the survival, development, 
reproduction or sex ratios of the copepod, Tisbe battagliai, were observed following 
exposure to DES, E2, or 17a-ethynylestradiol (EE2) (Hutchinson et al., 1999a) or 4-NP 
(Bechmann, 1999). Breitholz and Bengtsson (200 I) also reported that DES, E2, and EE2 
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had no effect on survival, development or fecundity of the harpacticoid copepod, 
Nitocra spinipes, at concentrations an order of magnitude below their acute toxicity 
levels (0.003-0.05 mg L"1). 
It is therefore apparent that there are contradictory reports on the ability of xeno-
oestrogens to disrupt hormonally controlled processes in aquatic invertebrates. 
However, the rapid cellular differentiation and growth of larval stages makes them 
particularly susceptible to the effects of chemicals interfering with hormonally regulated 
processes (Kennedy, 1996). 
The present study therefore aimed to examine the sublethal effects of the xeno-
oestrogen 4-NP and the natural oestrogen E2 on the development, survival and growth 
of larvae of two common decapod crustaceans, the shore crab, Carcinus maenas, and 
the rockpool prawn, Palaemon elegans. Both species are common in estuarine and 
costal waters throughout western Europe and have previously been cultured in 
laboratory studies (Rochanaburanon and Williamson, 1976; Harms et al., 1994; Anger 
et al., 1998). The non-ionic surfactant, 4-NP , is common in many aquatic environments 
which receive domestic and industrial effluent and has been reported to elicit an 
oestrogenic response in fish (Arukwe et al., 1998; Christensen et al., 1999). The total 
concentration of nonylphenolic compounds is typically between <0.2-30 f.lg L" 1 in 
fluvial environments and <0.2-0.4 f.lg L"1 in estuarine waters, although levels of 
nonylphenol as high as 5.8 f.lg L.1 have been reported in the Tees estuary (Biackbum 
and Waldock, 1995; Blackbum et al., 1999b; Lye et al., 1999) (see chapter 5). 
The following investigation was conducted to test the null hypothesis that 
aqueous exposure of C. maenas and P. elegans larvae to environmentally realistic 
concentrations of 4-NP and E2, has no effect on their development, survival or overall 
growth. 
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6.2 Methodology 
6.2.1 Chronic toxicity of 4-NP and~ to Carcinus maenas Larvae 
Newly hatched proto-zoea from three berried female C. maenas were collected, 
pooled and transferred to a separate vessel, where they were allowed to develop to zoea 
1 (Zl). Twenty-one lL acid washed glass beakers containing 1L of filtered seawater 
were then stocked with C. maenas Z1 at 50 individuals L-1• Three replicate beakers of 
each of the following were used; 4-NP at 0.2, 2.0 and 20.0 j..lg L-1, E2 at 0.2 and 20.0 j..lg 
L-1, a seawater control and a solvent control (acetone, <1 ppt). The vessels were 
illuminated by overhead fluorescent lights set on an ambient square wave pattern and 
gently aerated via glass tubes. Throughout the experiment the larvae were fed Artemia 
sp. at 15 ind. ml-1• A 100% water exchange was performed daily at which point the 
surviving larvae were counted and staged. 
Three C. maenas larvae from each replicate were photographed daily using a 
video camera and digitised. They were then measured using an image analysis system 
(Inspector 3.1, Matrox Imaging Systems). The length of the dorsal spine (a), ventral 
spine (b), carapace (c) and total distance between the tips of the 2 spines (d) were 
recorded (Figure 6.2.1.1 ). Once more than 50% of the population in each replicate had 
developed to the next stage, only larvae of the more advanced stage were measured 
b 
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Figure 6.2. 1.1 Recorded 
dimensions of C. maenas 
larvae: (a) dorsal spine, (b) 
ventral spine, (c) carapace 
length, (d) total distance 
between spines. 
6.2.2 Chronic toxicity of 4-NP and E2 to Palaemon elegans Larvae 
A similar exposure trial to that conducted on C. maenas larvae was performed 
using the larval stages of P. elegans. However, ZI larvae were collected and pooled 
from 3 P. elegans females and distributed between twenty-one I L glass beakers 
containing 1 L of filtered seawater at 50 individuals L -I, immediately upon hatching. 
The larvae were exposed to 4-NP ( 0.2, 2 or 20 J.lg L-1) or E2 (0.2 or 20 J.lg L-1) with a 
seawater and a solvent control (acetone, < I ppt). Illumination and feeding were as 
described for the C. maenas larval trial. 
A I 00% water exchange was performed daily at which point the surviving larvae 
were counted, staged and 3 individuals from each replicate were measured. P. elegans 
larvae were measured from the tip of the rostrum to the tip of the tail (excluding caudal 
spines) under a binocular microscope fitted with a calibrated eyepiece graticle (Figure 
6.2.2.1). Once more than 50% of the population in each replicate had developed to the 
next stage only larvae of the more advanced stage were measured. 
~ ................. . 
Figure 6.2.2.1 Recorded 
dimensions of P. elegans 
larvae. 
(modified from Carli, 1978) 
Once greater than 90% of the P. elegans larvae in any replicate had moulted to 
the postlarval stage (PL), the entire population of that vessel was transferred to 2 L glass 
bowl (30cm in diameter) containing 1.5 L of filtered seawater and treated again with the 
same chemical, at the same concentration, as during larval development (e.g. 4-NP at 
0.2J.lg L-1) . The water in these bowls was changed daily and the juveniles maintained for 
2 years. 
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On reaching maturity haemolymph samples were removed from the pericardial 
cavity of surviving individuals using a 1-ml syringe, pre-rinsed in 1% ethylene-
diaminetetraacetic acid (EDTA), and stored at -80°C prior to analysis for the presence 
ofvitellogenin (see Chapter 8). 
6.2.3 Mating and Trans-Generational Effects of 4-NP and E2 on P. e/egans 
Over the course of the long-term exposure trial, mortalities arising from 
cannibalism and equipment failure resulted in very few P. elegans surviving to maturity. 
Consequently only a preliminary investigation into the effects of 4-NP and E2 on the 
ability of challenged individuals to mate and produce viable offspring was possible. 
Three males from each treatment were paired with 3 females from the same treatment. 
Three treated females were also paired with 3 untreated males collected from the wild at 
the control site (Wembury, Devon, U.K.). Each pair was maintained in a separate vessel 
containing the relevant concentration of 4-NP (0.2, 2 or 20 Jlg L" 1) or E2 (0.2 or 20 Jlg L. 
1) in 1.5 L of seawater until mating had occurred. After mating, the males were removed 
and the female was maintained in the appropriate concentration of 4-NP or E2 until the 
larvae h~tched. An additional 3 pairings of control males and females from the exposure 
trial were conducted. 
6.2.4 Histological Examination of Ovaries from P. e/egans Exposed to 4-NP or E2 
The remaining P. e/egans females from the long-term exposure trial (not used in 
the mating studies) were sacrificed and the ovaries excised and fixed for histological 
investigation. Ovaries in various stages of development (pre-vitellogenic, primary 
vitellogenesis and secondary vitellogenesis) were excised from three females in each of 
the 4-NP and E2 treatments. Each ovary was divided in two and each half fixed 
according to one of two methods: 
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Method I: The initial protocol was provided by the EM Unit at the University of 
Newcastle (U.K.). In short, samples were fixed in 2% gluteraldehyde in Sorenson's 
phosphate buffer for I h prior to secondary fixation in I% osmium tetroxide. Samples 
were then dehydrated through an acetone series (25, 50, 75, 100%) over 24 h. The 
samples were then impregnated in increasing concentrations of TAAB epoxy resin (25, 
50, 75 and 100%) over 6h and finally embedded in TAAB at 60°C for 24h. 
Method 2: An alternative technique incorporating microwave-assisted primary fixation 
was undertaken to improve initial oocyte fixation (Paterson, 1999). Briefly, ovaries 
were placed in 5 ml of fixation buffer (2.5% glutaraldehyde, 2.5% fonnaldehyde, 0.3 M 
NaCI, I% sucrose in filtered seawater) and irradiated in a microwave at 50% output for 
10-12 s until the temperature reached 50-55°C. Calibration of the microwave was 
necessary prior to fixation to ensure temperature did not exceed 55°C during irradiation. 
The samples were allowed to cool to room temperature over l h and then fixed in I% 
osmium tetroxide in filtered seawater containing 0.3% NaCI and I% sucrose. 
Dehydration through an ethanol series (30, 50, 70, 100%) over 24 h was followed by 
impregnation and embedding in T AAB epoxy resin according to method I. 
Due to an unfortunate mass mortality arising from equipment failure, insufficient 
P. elegans males were available for comparative study of the testes following exposure 
to 4-NP. The inability to culture C. maenas larvae through metamorphosis, also 
prevented the evaluation of ovaries and testes from this species. 
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6.3 Results 
6.3.1 Chronic Toxicity of 4-NP and E2 to Carcinus maenas Larvae 
Considerable difficulties were encountered during the culture of C. maenas 
larvae. Newly moulted zoea I (Z I) were highly motile and phototaxic. Observations of 
the guts of reared larvae indicated that they were feeding on Artemia sp. Over the course 
of the Z I stage, however, fungal hyphae appeared on the exterior surface of the 
carapace of some larvae. These hyphae were shed with the moult to Z2 and the newly 
moulted larvae were as active as the initial Zl stage. However, the extent of the fungal 
infection increased over the course of the second zoeal stage (Figure 6.3 .I.l ). As before, 
the hyphae were shed with the moult to Z3, but within 24 h all the larvae were again 
massively infested with the fungal infection. This was repeated at the final zoeal stage 
and appeared to interfere with normal feeding and swimming behaviour. 
Figure 6.3.1 .1 Carcinus maenas Z2 infected with fungal hyphae. 
141 
Numerous attempts to prevent the fungal infection were made including O.I% 
fonnalin baths, the addition of O.I-5% streptomycin/ampicillin (I: I) to the cultures and 
the use of the iodine (0.004% active iodine) based fungicide, Betadine (Astra Medica 
Products, Lisbon) at upto 2% (v/v). Superficial investigations into the source of the 
infection indicated that fungal spores were present in algal cultures initially used as a 
eo-feed with Artemia sp. After unsuccessful attempts to produce sterile algal cultures, 
the eo-feeding of algae was discontinued. Additional contamination was identified from 
Artemia sp. cultures. This was easily alleviated by decapsulating Artemia sp. cysts prior 
to use. Overall the greatest source of contamination was through water carried over 
from culture vessels in which the berried adult females were maintained. Subsequently 
the introduction of the fungus was reduced by introducing several washing steps in 
0.1% Betadine between the hatching of the larvae and their introduction to batch 
cultures. However, while the level of infection was initially reduced in the early stages, 
by the time the larvae moulted to Z3, all the larvae were infected. In many cases the 
infestation appeared to inhibit the moulting process and this was particularly true of the 
zoeal 4 moult to the megalops stage. 
The high level of mortality displayed by C. maenas cultures is apparent in 
Figure 6.3.1.2. After 30 days in culture, 70% of the larvae were still alive, although it 
was noted that they were heavily infested with fungal hyphae. The survival rate then 
declined dramatically over the next 7 days until all the larvae were either moribund or 
dead. The use of acetone in the solvent control had little effect on the survival profile, 
with relatively good survival over the majority of the trial and a rapid decline towards 
the end (Figure 6.3.1.2). 
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Figure 6.3.1.2 Survival (%)of C. maenas larvae exposed to acetone ( <0.0 I% v/v) compared 
with a seawater control, after hatching. Values presented as mean survival (n=3) ±SE. 
Figure 6.3 .1 .3 shows the moulting pattern of larvae in the control treatments. 
The first moult to Z2 occurred on day 6 in the seawater control, with the initial moult of 
each subsequent stage occurring on days 13, 21 and 31. Larvae in the solvent control 
followed a similar profile with the first moults of each stage appearing on days 7, 13, 23 
and 33. Mortality between stages was comparable for the two controls, with 
approximately 10% losses in the moult from Z 1 to Z2. Subsequent losses were also 
comparable with overall 80% survival to Z3 and 60% survival to Z4. The high level of 
mortality observed in the controls after day 30 (Figure 6.3.1.2) clearly corresponded Z4-
megalopae moult (Figure 6.3 .1.3). 
143 
A slightly different pattern of C. maenas larval mortality resulted from exposure 
to E2. During the initial stages ( d 1-1 0), survival was identical to that observed in the 
solvent control (Figure 6.3.1.4) and th.is corresponds to survival of the initial Zl stage 
(Figure 6.3 .1.5). 
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Figure 6.3.1.3 Survival of C. maenas larvae (Zl-M) in the seawater control and solvent 
control (acetone <0.01 % v/v) over time. Values presented as the mean percentage of 
surviving larvae (n=3) at each stage ±SE. 
The moulting profile of the larvae exposed to 0.2 and 20 J.lg L - I E2 was 
essentially the same as that of larvae in the solvent control. Apart from the first Z2 
appearing on day 6 rather than day 7, the moulting pattern followed that of the control 
with the first Z3 and Z4 appearing on days 21 and 31 respectively. After day 10 there 
was a more consistent decline in survival over the duration of the trial (Figure 6.3.1.4), 
in contrast to the more rapid decline at the end of the trial, for the solvent control 
(Figure 6.3.1.2). 
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Cultures exposed to the higher E2 concentration (20 J..tg L-1) also exhibited 
slightly elevated survival rates during days 7-23 compared to the lower E2 treatment 
(0.2 J..tg L-1). This period represents the development of the larvae through the second 
zoeal stage (Figure 6.3.1 .5). At around day 25, the mortality rate in both the E2 
treatments began to increase (Figure 6.3 .1.4 ). This corresponds to the moult from Z3 to 
Z4. The very rapid increase in mortality after day 30 correlates with the initial 
appearance of megalopae. It was clear that at this point that the larvae were physically 
incapable of moulting to the next stage and the proportion of surviving megalopae 
(~10%) reflects this (Figure 6.3.1.5). 
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Figure 6.3. 1.4 Survival (%) of C. maenas larvae exposed to 2 concentrations of I?~­
oestradiol (0.2, and 20.0 ~tg L-1 E2) compared to acetone contro l ( <0.0 I% v/v), after 
hatching. Values presented as mean survival (n=3) ±SE. 
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Figure 6.3.1.5 Survival of C. maenas larvae (ZI-M) exposed to 2 concentrations of 1 7~­
oestradiol (0.2, and 20.0 f,lg L-1 E2) compared to acetone control (<0.01 % v/v) over time. 
Values presented as the mean percentage of surviving larvae (n=3) at each stage ±SE. 
In contrast to the effects observed with E2, the survival of C. maenas larvae 
exposed to 4-n-nonylphenol ( 4-NP) was dramatically reduced. As with both the E2 
treatments, the initial survival of Z1 exposed to 0.2, 2 or 20 J..Lg L- 1 4-NP over the first 
10 days was comparable to the solvent control (Figure 6.3.1 .6). One-way analysis of 
variance of the larvae surviving in all the treatments conducted on individual days, 
found no significant differences in the survival rates of the larvae prior to day 17 
(ANOV A: F= 0.44-2.81 , d.f.=6, 14, p>0.05). 
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Figure 6.3. 1.6 Survival (%) of C. maenas larvae exposed to 3 concentrations of 4-n-
nonylphenol (0.2, 2.0 and 20.0 Jlg L-1 4-NP) compared to acetone control ( <0.0 I% v/v), after 
hatching. Values presented as mean survival (n=3) ±SE. 
At this point, and thereafter, the survival of the larvae exposed to 0.2 J..l.g L-1 4-
NP was significantly lower (ANOVA: F=4.85, d.f.= 6, 14, P<0.05) than that of the 
solvent control (Table 6.3.1.1 ). Survival rates of larvae exposed to 2 and 20 J..l.g L-1 4-NP 
also declined after day 17 but were not significantly less than the solvent control until 
days 27 (ANOVA: F= 19.1 3, d.f.=6,14, p<O.OOl) and 22 (ANOVA: F= 18.12, d.f.=6,14, 
p<O.OOI) respectively. The survival rate of larvae in 2 llg L-1 and 20 llg L-1 4-NP 
remained significantly different to the solvent control until days 30 and 31 respectively 
(Table 6.3.1 .1 ). 
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Figure 6.3.1.7 Survival of C. maenas larvae exposed to 3 concentrations of 4-n-nonylphenol 
(0.2, 2.0 and 20.0 J..tg L-1 4-NP) compared to acetone control (<0.01 % v/v) over time. Values 
presented as the mean percentage of surviving larvae (n=3) at each stage ±SE. 
With the exception of larvae exposed to 0.2 11g L"1 4-NP, the first larvae 
moulting to the successive stage appeared in 4-NP treated cultures within 24h of the 
solvent control (Figure 6.3.1.7). Zoeae 2 and 3 larvae were first observed in 0.2 11g L"1 
4-NP on the same days as the solvent control. Yet the first Z4 appeared on day 24, three 
days later than the control. Consequently, larvae exposed to 0.2 11g L-1 4-NP were mid 
to late Z3 on day 17 when the initial significant departure from the survival in the 
solvent control was observed (Figure 6.3.1.7). This reduced survival occured through 
the moult to Z4 and continued throughout the stage. During this period survival rates of 
the Z4 exposed to 0.2 11g L"1 4-NP feU from 71% to I% (Figure 6.3.1.6). 
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Table 6.3 . 1. 1 Mean percentage survival (n=3) and summary ANOVA statistics for C. maenas 
larvae exposed to 4-n-nonylphenol (0.2, 2.0 and 20.0 11g L-1 4-NP), 1 7~-oestrad iol (0.2, and 
20.0 11g L-1 E2) and acetone ( < 1 ppt). Standard errors are presented in parentheses. Degrees of 
freedom 6, 14 (Complete AN OVA tables presented in appendix I). * denotes s ignificant 
differences from the control at the 5% leve l based on Tukeys pairwise comparisons. 
Treatment 
Day Control Acetone 0.21lgL-
1 2 f.lgL-1 20 f.!gL- 1 0.21lgL-1 20 f.lgL- 1 F-Value P-Value 
4-NP 4-NP 4-NP E2 ~ 
16 87.33 82.00 63.33 72.67 78.00 75.33 82.67 2.38 > 0.05 (±4.06) (±5.03) (±7.06) (±6.36) (±2.00) (±4.06) (±5.46) 
17 86.67 82.00 52.67* 72.00 72.00 76.00 82.00 4 .85 <0.05 (±4.06) (±5.03) (±8.82_2 (±3.46) (±2.00) (±4.16) (±5.29) 
18 85.33 80.00 44.00* 70.67 70.67 72.67 80.67 7.46 <0.001 (±4.37) (±5.29) (±8.08) (±3.53) (±0.67) (±5.33) (±4.37) 
19 82.00 79.33 38.67* 69.33 65.33 72.67 80.00 10.42 <0.001 (±2.3 1) (±5.21) (±7.42) (±3.71) (± 1.76) (±5.33) (±4. 16) 
20 82.00 77.33 32.67* 63.33 63.33 70.00 78.67 12.73 <0.00 1 (±3 .46) (±5.2 1) (±6.36) (±4.67) (±4.07) (±5.04) (±3.33) 
2 1 78.67 76.67 28.00* 62.00 59.33 68.00 76.67 15.27 <0.001 (±2.40) (±5.81) (±4. 16) (±4.63) (±5.21) . (±5.03) (±3.53) 
22 78.00 76.00 24.67* 60.00 53.33* 66.00 74.00 18.12 <0.001 (±2.00) (±6.43) (±4.06) (±3.46) (±3.33) (±5.29) (±4.62) 
23 77.33 74.67 22.00* 58.00 50.00* 62.67 68.00 14.65 <0.001 (± 1.76) (±6.57) (±4.62) (±3.46) (±4.62) (±6.36) (±5.29) 
24 74.00 77.33 12.00* 53.33 44.00* 62.00 63.33 15.74 <0.001 (±9.02) (± I. 76) (±2.00) (± 1.76) (±8.33) (±6.43) (±4.06) 
25 73.33 77.33 8.67* 52.00 36.67* 62.00 59.33 20.9 <0.001 (±7.86) (± 1.76) (±2.91) (±2.00) (±7.06) (±6.43) (±4.37) 
26 7 1.33 77.33 8.67* 48.00 33.33* 60.67 58.67 2 1.38 <0.001 (±9.82) (± 1.76) (±2.91) (±2.3 1) (±4.67) (±5.93) (±3.71) 
27 72.00 76.67 5.33* 41.33* 28.67* 58.67 55.33 19.1 3 <0.001 (± 11.00) (± 1.76) (±2.91) (±4.8 1) (±3.53) (±5.93) (±5.33) 
28 70.67 72.67 4.00* 40.67* 26.67* 55.33 55.33 19.76 <0.00 1 (±9.40) (±4.06) (±2.00) (±5.21) (±4.67) (±5.46) (±5.33) 
29 70.67 70.67 3.33* 38.67* 25.33* 52.67 54.00 17.70 <0.001 (±9.40) (±4.67) (± I. 76) (±4.06) (±5.2 1) (±6.77) (±6.00) 
30 66.00 69.33 1.33* 34.67* 22.67* 52.00 49.33 17.93 <0.001 (±9.02) (±4.8 1) (± 1.33) (±2.9 1) (±6.96) (±7.02) (±4.37) 
3 1 62.00 67.33 1.33* 30.00 2 1.33* 47.33 48.00 11.28 <0.001 (± 11.10) (±5.2 1) (± 1.33) (±4. 16) (±7.51) (±9.40) (±5.03) 
32 65.33 54.70 1.33* 20.00 18.67 40.00 37.33 7.07 <0.001 (±5.93) (± 13.30) (± 1.33) (±2.3 1) (±6.36) (± 15.00) (± 1.33) 
33 58.67 48.00 1.33 6.00 8.67 32.00 28.00 5. 14 <0.01 (±9.33) (± 15.30) (± 1.33) (± 1.1 5) (±4.06) (± 16.80) (±6.11 ) 
34 56.00 45.30 1.33 3.33 5.33 24.70 23 .33 5.5 1 <0.01 (±8.00) (± 15.40) (± 1.33) (±0.67) (±2.40) (± 15.1 0) (±6.96) 
35 44.67 23 .33 1.33 2.00 3.33 16.00 22.67 9.02 <0.001 (±2.40) (±6.67) (± 1.33) (±1.1 5) (±0.67) (±9.45) (±7.06) 
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Conversely, survival in the other two 4-NP treatments was not significantly 
different from the solvent control until after ecdysis to Z4 had begun. Significant 
clifferences from the solvent control were apparent the day after the initial Z4 were 
observed in 20 J.Lg L-1 4-NP (day 22), but not until the late Z4 stage (day 27) when 
exposed to 2 J.Lg L-1 4-NP (Table 6.3 .1.1 ). For the most part, survival rates of the 2 and 20 
11g L-1 4-NP treatments were comparable, except between days 24 and 26, where the 
survival rate in 2 J.Lg L-1 4-NP was significantly higher than for 20 11g L-1 4-NP 
(ANOVA: F=20.9, d.f.=6,14, P<O.OOI) 
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Figure 6.3.1.8 Growth of C. maenas larvae exposed to seawater or acetone control (<0.01% 
v/v in seawater), after hatching. Values given as mean carapace size (n=9) ±SE 
The high rate of mortality in all the treatments, at or soon after day 30, were 
linked to the moult from Z4 to megalopae (Figure 6.3 .1.3, Figure 6.3 .1.5, Figure 
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6.3 .I. 7). In fact, no larvae successfully moulted to megalopae in the presence of 4-NP. 
When examined the majority of these moribund individuals had only partially moulted. 
All of the dead larvae, removed from all of the cultures over the duration of the 
exposure, were heavily infected with fungi. 
Several dimensions of C. maenas larvae, including the lengths of the dorsal and 
ventral spines, were recorded during the exposure trials in order to assess growth. 
During the experiment, deformities in the dorsal and ventral spines arising from 
difficulties in the moulting process were observed. ln the latter stages, necrosis at the 
tips of the spines was also observed. Consequently carapace length was selected as the 
most reliable measure of growth. 
The growth of the larvae in the acetone control ( <0.0 1 ppt ) was similar to that in 
the sewater control (Figure 6.3.1.8) and the growth of the larvae exposed to 0.2 and 20 
j..i.g L-1 of E2 was similar to the solvent control throughout most of the trial (Figure 
6.3.1 .9). 
The growth of larvae was unaffected by 4-NP (Figure 6.3.1.10) and E2 (6.3.1.9) 
for, approximately, the first 20d of exposure. There were slight differences between the 
size of the individuals treated with 0.2 llg L-1 4-NP and those in the other 4-NP 
treatments between days 22-25 (Figure 6.3.1.1 0). This result, however, reflected the 
different moulting regime observed in these cultures. No Z4 were present in the 0.2 j..i.g 
L-1 4-NP treatment until day 24, so the size differences observed in Figure 6.3.1.1 0 
around day 22 represent continued recording of Z3 carapace lengths in the 0.2 j..l.g L-1 4-
NP exposures. 
One way analysis of variance (ANOV A) was performed on all the larvae, 
recorded at each stage, within each treatment. As a result of high mortalities in some of 
the treatment replicates and an increased chance of repeated measures on successive 
days, the collection of larval lengths was discontinued after day 30. The mean carapace 
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sizes of the various stages of C. maenas are presented in (Table 6.3.1.2).There were no 
significant differences in the initial size of the Zl assigned to each treatment (ANOV A: 
F=0.73, d.f.= 6,245, p>0.05). Each successive stage was significantly larger than the 
previous (KW: H=1614.4, d.f.=3, P<O.OOI). Overall, at the conclusion of the trial, there 
were no significant differences in the size of Z4 irrespective of treatment group 
(ANOVA: F=1.61 , d.f.= 6,421 , p>0.05)(Table 6.3. l.2). There were insufficient numbers 
of megalopae on which to conduct size comparisons. 
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Figure 6.3. 1.9 Growth of C. maenas larvae exposed to 2 concentrations of 1 7~-oestradio l (0.2, 
and 20.0 ~·g 1·1 E2) compared to acetone control (<0.01 % v/v), a fter hatching. Values given as 
mean carapace size (n=9) ±SE 
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Figure 6.3 .1 .1 0 Growth of C. maenas larvae exposed to 3 concentrations of 4-n-nonylphenol 
(0.2, 2.0 and 20.0 J.lg L-1 4-NP) compared to acetone control ( <0.0 I% v/v), after hatching. 
Values given as mean carapace size (n=9) ±SE. 
Table 6.3 .1.2 Summary of the analysis of variance (ANOV A) on the carapace size of C. maenas 
at each zoeal stage (Z I-Z4) after exposure to 4-n-nonylphenol (0.2, 2.0, 20 J.lg L-1 4-NP), 17~­
oestradiol (0.2,20 J.lg L-1 E2) and acetone (< I ppt). 
Stage Mean SEM df F-value P-value 
Zl 0.484 0.0015 6,245 0.73 >0.05 
Z2 0.573 0.0012 6,560 1.57 >0.05 
Z3 0.668 0.0015 6,533 1.86 >0.05 
Z4 0.782 0.0018 6,421 1.61 >0.05 
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6.3.2 Chronic Toxicity of 4-NP and E2 to Palaemon elegans Larvae 
P. elegans larval mortality was low in both controls, with approximately 90% of 
the larvae surviving to the postlarval stage (Figure 6.3 .2.1 ). The intermoult duration for 
each larval was considerable less than for C. maenas larvae (6.3.2.2) 
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Figure 6.3 .2. 1 Survival(%) of P. elegans larvae exposed to acetone (<0.01% v/v) compared 
with a seawater control, after hatching. Values presented as mean survival (n=3) ±SE. 
Relatively high survival rates of 84.67 ±3.71% and 80 ±1.16% occurred in 
cultures treated with 0.2 and 20 11g L-1 E2 respectively. In contrast to the mortality in the 
controls, which appeared to be relatively consistent with time regardless of stage, 
mortality in the E2 cultures (Figure 6.3.2.3) mainly coincided with periods of moulting 
(Figure 6.3.2.4). P. elegans survival to the postlarval stage was significantly affected by 
4-NP in a concentration independent manner (Figure 6.3.2.5). Survival rates of larvae 
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exposed to 0.2 and 20 flg L-1 4-NP were similar to the controls at 86.67 ±2.91% and 88 
±2.31% respectively. The survival of larvae exposed to 2 flg L-1 4-NP to PL was 
significantly lower than the acetone control at 78.67 ±0.88% (ANOVA: F= 3.14, 
d.f.=6,14, P<0.05). Most mortality in the 2 flg L-1 4-NP treatments equated with moults 
on days 3, 5, 8, 11 , 14 and 17 (Figure 6.3.2.6). 
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Figure 6.3 .2.2 Survival of P. elegans larvae (Z 1-PL) in the sea water control and solvent 
control (acetone <0.01 % v/v) over time. Values presented as the mean percentage of 
surviving larvae (n=3) at each stage ±SE. 
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Figure 6.3.2.3 Survival (%) of P. e/egans larvae exposed to 2 concentrations of 1 7~­
oestradiol (0.2, and 20.0 J.Lg L-1 E2) compared to acetone control (<0.01 % v/v), after 
hatching. Values presented as mean survival (n=3) ±SE. 
Development through Z 1-6 was highly synchronous between all treatments and 
controls, with the first appearance of each successive stages occurring within 8h of each 
other. Not all the larvae progressed directly from Z6 to postlarvae. In the seawater and 
solvent control 41.3±4.4 and 31.9±8.7% of the larvae progressed through Z7, 
respectively (Figure 6.3.2.2). In comparison, 30.7±7.7% and 36.7±3.5% of the larvae 
exposed to 0.2 and 20 jlg L-1 E2, developed into Z7 (Figure 6.3.2.4) and 28.2±4.12%, 
30.8±8.2% and 50.0±5%, of the larvae exposed to 0.2, 2.0, and 20 jlg L-1 4-NP moulted 
to Z7 prior to PL (Figure 6.3.2.6). There was, however, no significant difference 
between 4-NP, E2 or the controls in terms of the number of larvae progressing to 
postlarvae via Z7 (ANOV A: F= 1.5 1, d.f. 6, 14, P>0.05). 
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Figure 6.3 .2.4 Survival of P. e/egans larvae (Zl-PL) exposed to 2 concentrations of 1 7~­
oestradiol (0.2, and 20.0 ~g L-1 E2) compared to acetone control (<0.01 % v/v) over time. 
Values presented as the mean percentage of surviving larvae (n=J) at each stage ±SE. 
One way analysis of variance on the survival rates prior to the moults to Z7 or 
postlarvae (Day 18) found no significant differences in survival between treatments 
compared to the solvent control. Once the larvae began to moult to either Z7 or 
postlarvae on day 18, the survival of larvae exposed to 2 Jlg L-1 4-NP was significantly 
lower than the solvent control (Table 6.3.2.1). Although the survival oflarvae in 2 Jlg L-
1 4-NP remained significantly lower after day 18, there were no significant differences 
in the mortality of larvae in the other treatments, compared with either control. 
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Figure 6.3.2.5 Survival (%) of P. e/egans larvae exposed to 3 concentrations of 4-n-
nonylphenol (0.2, 2.0 and 20.0 ~g L·' 4-NP) compared to acetone control (<0.0 I% v/v), after 
hatching. Values presented as mean survival (n=3) ±SE. 
Initially, it was planned to record larval lengths until all the surviving larvae had 
progressed to postlarvae. However, some of the larvae failed to progress to the 
postlarval stage, remaining as stage 7. Consequently larval lengths were recorded until 
98% of the culture had reached the postlarval stage. In practice this was considered to 
have occurred on day 21 for all treatments. 
The lengths of larvae recorded in the seawater control and the acetone control 
are presented in Figure 6.3 .2.7. The lengths of larvae exposed to the 2 concentrations of 
E2 (0.2 and 20.0 11g L-1 E2) are presented in Figure 6.3.2.8, with the lengths recorded 
from individuals exposed to the 3 concentrations of 4-NP (0.2, 2.0 and 20.0 11g L-1 4-
NP) presented in Figure 6.3.2.9. 
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Figure 6.3.2.6 Survival of P. e/egans larvae (Zl-PL) exposed to 3 concentrations of 4-n-
nonylphenol (0.2, 2.0 and 20.0 ~Lg L-1 4-NP) compared to acetone control (<0.01 % v/v) over 
time. Values presented as the mean percentage of surviving larvae (n=3) at each stage ±SE. 
Table 6.3 .2 .1 Mean percentage survival (n=3) and summary ANOVA statistics of P. e/egans 
larvae exposed to 4-n-nonylphenol (0.2, 2.0 and 20.0 ~g L-1 4-NP), 17~-oestradiol (0.2, and 
20.0 ~g L-1 E2) or acetone (< lppt) on days 17-24. Standard errors are presented in parentheses. 
Degrees of freedom 6, 14 (Complete ANOVA tables presented in appendix 2). * denote 
significant differences from the solvent control at the 5% level. 
Day Control Acetone 0.2 ~J.gL-
1 2 J.lgL- 20 ~J.gL- 0.2 ~J.gL-1 20 11gL- F- P-
4-NP 4-NP 4-NP ~ ~ Value Value 
17 92.33 96.0 87.33 84.67 9l.33 84.67 88.67 1.83 >0.05 (0.88) (3.05) (2.40) (2.96) (0.66) (3 .7 1) (5.34) 
18 91.67 95.33 87.33 79.33* 9l.33 84.67 88.67 3.14 <0.05 (0.34) (2.90) (2.40) (1.20) (1.77) (3.71) (5.34) 
19 90.33 94.67 87.33 79.33* 91.33 84.67 84 4.20 <0.05 (0.34) (2.90) (2.40) (1.20) (I. 77) (3 .71) (3.46) 
20 89.67 94.67 86.67 79.33* 88.67 84.67 82.67 3.73 <0.05 (0.88) (2.90) (2 .90) (1.20) (2.90) (3.7 1) (2.40) 
21 89 94 86.67 79.33* 88.67 84.67 82 3.37 <0.05 (1 .53) (3 .06) (2.9 1) (1.20) (2.91) (3.7 1) (2.31) 
22 89 93.33 86.67 78.67* 88.67 84.67 82 3.29 <0.05 ( 1.53) (3 .33) (2.9 1) (0.88) (2.91) (3.7 1) (2.31) 
23 89 92 86.67 78.67* 88 84.67 81.33 2.88 <0.05 ( 1.53) (4.16) (2.9 1) (0.88) (2.3 1) (3 .7 1) ( 1.76) 
24 89 91.33 86.67 78.67* 88 84.67 80 
( 1.53) (4.37) (2.9 1) (0.88) (2.3 1) (3.71) ( 1.16) 3.00 <0.05 
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Figure 6.3 .2.7 Growth of P. e/egans larvae exposed to seawater or acetone control (<0.01% 
v/v in seawater), after hatching. Values as mean carapace size (n=9) ±SE. 
The first Z7 appeared on day 16 and subsequent measurements of Z7 were taken 
on the following day (Day 17). Unexpectedly, postlarvae were also observed in culture 
on day 17 and consequently measurements of postlarvae were taken on day 18. 
Therefore, Z7 were only measured on day 17. The pooled lengths of the Z7 from all the 
treatments were not significantly different to the length ofpostlarvae (M-W: W=9670.5, 
d.f.=63,252, P>0.05). Neither E2 nor 4-NP had any significant effect on the length of Z7 
(ANOVA: F=0.87, d.f.=6,56, P>0.05) or postlarvae (ANOVA: F=0.63, d.f.=6,245, 
P>0.05) compared with the controls (Table 6.3.2.2). 
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Table 6.3.2.2 Summary of the analysis of variance (ANOVA) on the carapace size of P. elegans 
larvae (Zl-Z7) and postlarvae after exposure to 4-n-oonylphenol (0.2, 2.0, 20 ~g L-1 4-NP), 
17P-oestradiol (0.2, 20 ~g L-1 ~)and acetone (< I ppt). 
Stage 
7.50 -
7.00 
6.50 i 
I 6.00 1 
~ 5.50 1 
c: 
:s 5.00 
GO 
Cj 
~ 4.50 -1 
~ 4.00 ~ 
3.50 1 
3.oo 1 • 
2.50 ~-.-
Z1 
Z2 
Z3 
Z4 
Z5 
Z6 
Z7 
PL 
Mean 
3.01 
3.61 
4.29 
5.02 
5.79 
6.33 
6.59 
6.60 
SEM d.f F-Value P-Value 
0.006 6,224 0.34 >0.05 
0.01 6,119 2.12 >0.05 
0.009 6,182 1.92 >0.05 
0.011 6,182 1.55 >0.05 
0.015 6,182 1.73 >0.05 
0.018 6,182 2.0 >0.05 
0.026 6,56 0.87 >0.05 
0.015 6,245 1.29 >0.05 
0 I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Time (d) 
Figure 6.3.2.8 Growth of P. elegans larvae exposed to 2 concentrations of 17P-oestradiol 
(0.2, and 20.0 ~· g L"1 E2) compared to acetone control ( <0.0 1% v/v), after hatching. Values as 
mean carapace size (n=9) ±SE. 
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Figure 6.3 .2.9 Growth of P. e/egans larvae exposed to 3 concentrations of 4-n-nonylphenol 
(0.2, 2.0 and 20.0 ).lg L"1 4-NP) compared to acetone control ( <0.0 1% v/v), after hatching. 
Values as mean carapace size (n=9) ±SE. 
6.3.3 Mating and Trans-Generational Effects of 4-NP and E2 on Palaemon elegans 
Preliminary investigations indicated that exposing P. elegans to environmentally 
realistic concentrations of 4-NP and E2 over the course of their life does not inhibit their 
ability to reproduce. All the females exposed under these treatments successfully mated 
with both wild males and males that had been exposed to comparative treatments of 4-
NP and E2. Unfortunately, although females became gravid, in each case they droped 
their eggs over the course of several days. Several of the broods were viable and cell 
division was observed. Once the eggs were released by the adults, however, they 
quickly became infected with ciliates and protozoa and died. Attempts to culture the 
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eggs in vitro proved futile and consequently none of the eggs in any of the treatments, 
including control females paired with wild males, developed into embryos. 
6.3.4 Histological Examination of Palaemon e/egans Ovaries Exposed to 4-NP and E2 
Investigations into the structure of the ovaries excised from female P. e/egans 
which had been exposed to 4-NP and E2 from hatching were inconclusive. Sections of 
resin-embedded ovarian sections indicated incomplete fixation of the samples. This was 
primarily due to incomplete penetration of the osmium tetroxide during secondary 
fixation. Neither the standard nor the microwave fixation techniques alleviated this 
problem and consequently only partial sections were obtained. 
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6.4 Discussion 
The moulting process in arthropods is regulated by a multi-hormonal system 
primarily under the control of ecdysteroids (Chang, Bruce et al., 1993; Chang, 1995; 
Lachaise et al., 1993). Ecdysis in Crustacea is induced by a peak in the levels of 20-
hydroxyecdysone (20-E), with an initial rise in circulating hormone concentration and a 
co-ordinated decline, necessary for successful moulting (Chang et al., 1993; Chang, 
1995). Not surprisingly, the exogenous application of hormones has been reported to 
affect the timing of larval development (McConaugha and Costlow, 1981 ; 
McConaugha, 1982; Fingerman et al., 1998). 
Exposure to testosterone resulted in delayed moulting and caused developmental 
abnormalities in neonatal Daphnia magna, and these effects were negated by eo-
treatment with ecdysteroids (Mu and LeBianc, 2002). Consequently the ability of 
testosterone to affect the embryonic development of D. magna appears to be in part due 
to its ability to interfere with ecdysone regulated development. 
Xeno-oestrogens, including di(2-ethylhexyl) phthalate (DEHP), 4-NP and 
bisphenol A (BP A) are capable of interacting with the mammalian oestrogen receptor 
(ER) (Balaguer et al., 1999; Satoh et al., 2001 ). While 17a-ethinylestradiol (EE2), BP A, 
DEHP and some organochlorines interact with the ecdysteroid receptor (EcR) of 
Drosophila melanogaster (Dinan et al., 2001). Furthermore, while polyaromatic 
hydrocarbons (PAHs) do not appear to activate ecdysteroid-dependent gene expression 
or cell differentiation alone, they are capable of enhancing the effect of the ecdysteroid 
responsive C1.8+ cell line through non receptor-mediated processes (Oberdorster et al. 
1999). 
The xeno-oestrogens p-octylphenol and tamoxifen are potent inhibitors of 
development in the copepod, Acartia tonsa (Andersen et al., 2001), while the carbamate 
insecticide methomyl, which is an acetylchloinesterase inhibitor, increased mortality 
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and the intennoult period ofthe mud crab Rhithropanopeus harrisii (Clare et al., 1992). 
In contrast, E2 and bisphenol A had little affect on A. tonsa development (Andersen et 
al., 2001), despite the reported ability of bisphenol A to bind to both the androgen and 
oestrogen receptor (Satoh et al., 2001). This dual action on the both the ER and EcR 
may explain some of the effects of xeno-oestrogens on the reproduction and 
development of crustaceans. 
Effects on the larval development and an increase in settlement rate have been 
observed in Elminius modes/us cyprids exposed to both 4-NP and E2 at 1 J.lg L"1 
(Billinghurst et al., 2001). A similar effect was reported for crab larvae exposed to the 
ecdysone mimic RH5849 (Clare et al., 1992). Conversely, the development of 
Crassostrea gig as (Nice et al., 2000) and Balanus amphitrite (Billinghurst et al., 1998) 
larvae were retarded by exposure to 4-NP. 
In the current study the exposure of Palaemon e/egans larvae to 
environmentally realistic concentrations of 4-NP and E2 had no effect on the duration of 
each larval stage, or on the timing of development. In contrast, moulting from Z3-Z4 
was delayed by 4 days in Carcinus maenas larvae exposed to 0.2 J.lg L·' 4-NP. 
Consequently, all the C. maenas larvae exposed to 0.2 J.lg L"1 4-NP were Z3 on day 17, 
which coincided with the period when the survival rate of larvae was first observed to 
significantly differ from the control. In contrast, a higher rate of mortality occurred in 
the 2 J.lg L-1 and 20 J.lg L-1 4-NP exposures and this coincided with the moult from Z4 
to megalopae (27) and the moult from Z3 to Z4 (day 22), respectively. 
Disturbances in the development of Crustacea can be a general response to 
stress, or a toxic effect (Depledge and Billinghurst, 1999). DES, endosulfan and 4-
octylphenol (4-0P) are all capable of reducing the moult frequency of D. magna 
(Bald win et al., 1995; Zou and Fingennan, 1997a&b ). In the fiddler crab, Uca 
pugilator, delayed ecdysis upon exposure to diethyl phthalate (DEHP), PCB29, 
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diethylstilbestrol (DES), endosulfan and 4-0P has been linked to inhibition of the 
chitinolytic enzyme, chitobiase, which is important in the digestion of the existing 
exoskeleton prior to moulting (Zou and Fingerman, 1999a, b & c). Similarly, other 
pollutants including the growth regulator dimilin appear to inhibit precursor 
incorporation into chitin during the moulting process (Kasyanov and Costlow, 1984) 
Consequently, an increase in the intermoult period of crustaceans exposed to 
putative xeno-oestrogens may be indicative of the disruption of alternative metabolic 
pathways associated with, but not directly linked to, the EcR. However, the effects on 
survival of C. maenas larvae suggest that 4-NP has a toxic effect, although this was not 
concentration dependant as larval survival was higher at 2 jlg L"1 than 20 jlg L"1 4-NP. 
An alternative mode of xenobiotic action is via the mixed function oxidase 
enzyme system (MFO). MFOs have been identified in adult decapods and some organic 
xenobiotics have been shown to detrimentally bind to these enzymes (Lee, 1981 ). The 
increased levels of MFOs observed in fish have also been associated with exposure to 
xeno-oestrogens (Hewitt et al., 1998a; Hewitt et al., 1998b ). Disruption of the MFO 
system should result in the inhibition or retardation of development. This mode of toxic 
action can be discounted, however, as effects on C. maenas development were only 
observed in larvae exposed to the lowest concentration of 4-NP (0.2 jlg L"1) and high 
mortality rates in all treatments suggest alternative causes. 
Exposure of C. maenas larvae to E2 at both 0.2 and 20 jlg L" 1 resulted in a 
constant decline in the survival of larvae throughout the trial, as opposed to the rapid 
decline towards the final larval stages, as observed in the controls. Although the overall 
survival of C. maenas was poor, during the early stages, where survival was above 60%, 
the survival of larvae exposed 0.2, 2 and 20 jlg L-1 4-NP were significantly lower than 
the control on days 17, 27 and 22 respectively. This suggests that the high and low 
concentrations of 4-NP had a greater effect on larval survival than the intermediate 
166 
treatment of2 fJg L-1 4-NP. In contrast P. elegans larval survival was comparable to the 
controls in all the treatments of E2 and 4-NP, except at 2 JJg L-1 4-NP. Higher mortality 
in the latter, compared to the solvent control, was first observed as the larvae progressed 
from Z6 to Z7, with a further increase in mortality during the moult between zoea 7 and 
postlarvae. These results agree with Billinghurst et al. (1998, 2001) where 
concentrations of 4-NP, around 1 JJg L-1, were more disruptive to the development of 
barnacle larvae, than higher or lower concentrations. 
Some chemicals like methoprene, which is a methyl farnesoate analogue, are 
capable of reducing both growth and moulting in some crustaceans (Olmstead and 
Le Blanc, 2001 ). In the current study, however, there were no significant differences in 
the size of either C. maenas or P. e/egans larvae at any stage when exposed to 4-NP or 
E2• Nor were there any gross morphological abnormalities arising from exposure to 
nonylphenol as found by Shurin and Dodson (1997) for D. magna. 
Rochanaburanon and Williamson (1976) described 6 distinct moults for P. 
e/egans at 20°C and 8 at l5°C; 2 stages were similar in length and morphology and 
likely corresponded to "repeat" moults of stage 5 or 6. In the current study 7 distinct 
larval stages were identified. The lack of significant differences in the size of Z7 and 
PL, combined with only very minor and often subjective morphological differences 
between Z6 and Z7, suggests that the Z7 stage was a supernumerary or "repeat" stage. 
Fincham ( 1977) considered several minor morphological characteristics indicative of Z8 
and Z9 stages. In the present study several of these characteristics were present in Z7 
and misinterpretation of these characteristics, as distinctive of specific stages, may 
explain the discrepancy in the 8-9 larval stages described by Fincham (1977), compared 
to the 7 in the present study. Carli ( 1978) described the development of pleopod buds on 
the abdomen as indicative of the transition from Z4 to Z5. In the present study, 
however, larvae that had moulted from Z3 clearly possessed pleopod buds. Apart from 
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this difference, development was observed to continue as described by Carli (1978). 
Consequently, larval stage identification was based on features described by Carli 
(1978) except that the acquisition of pleopod buds was associated with the transition 
from Z3 to Z4. 
Additional larval stages are not uncommon in Crustacea and have no 
detrimental effect on survival (Brown et al., 1992) but may indicate a hormonal 
imbalance (Knowlton, 1994). There was no significant increase, in the present study, in 
the proportion of P .elegans supernumerary larvae exposed to either E2 of 4-NP 
compared to the control. This result lends support to the hypothesis that xeno-
oestrogens do not interfere with the endocrine systems of Crustacea at environmentaiJy 
realistic concentrations. 
No firm conclusions could be drawn from the C. maenas exposures on account 
of poor larval survival; most likely resulting from interference with feeding following 
fungal infection. Although the fungus was not identified, its appearance and effects 
were similar to those of Lagenidium callinectes and Lagenidium magister, which are 
common infections of the eggs and larvae of Cal/inectes sapidus and Cancer magister, 
respectively (Armstrong and Fisher, 1988). Lagenidium sp. are notoriously difficult to 
control, requiring complete sterilisation of culture systems (Sparks, 1985). During the 
course of this study, larval rearing was attempted at two separate laboratories with 
different brood stocks and water supplies. Nevertheless, the fungal infection was 
always present in larval cultures. The C. maenas larvae used in this study were obtained 
from berried females collected from "unpolluted" sites on the south coast of England or 
the west coast of Scotland. These wild animals represent the most likely source of 
infection. The continual presence of the fungus suggests that Lagenidium sp. is 
ubiquitous in the wild. Since closure of the lifecycle in the laboratory, which would 
alleviate the problem, was not possible in this study, several attempts were made to 
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minimise the effects. These included the use of artificial seawater, various fungicidal 
treatments, manual washing of the larvae and alteration of the population density. In 
several cases fungal development was delayed, only becoming apparent after Z3, 
however, none of these larvae successfully moulted to the first crab stage. 
Commercial fungicides have been reported to have oestrogenic action in vitro 
(Sultan et al., 2001) and alter steroid metabolism through inhibition of aromatase in 
vertebrates (Zarn et al., 2003). Since there is no comparative evidence for fungicide 
action on the hormonal processes of crustaceans, this study limited their use to a brief 
therapeutic bath of Z1, at concentrations <I ppt., immediately on hatching. Attempts to 
culture C. maenas larvae individually failed to prevent fungal growth and the 
experiment was terminated once the larvae reached Z2. This method had previously 
been used with larvae of C. maenas and the lobster Homarus gammarus, where the 
fungus was likewise observed to develop on zoeae but 50-60% survival to post larval 
stages was observed (Anger 2002, pers.com). It is therefore possible that individual 
culturing of the larvae may prove more successful in the future. 
Precursor egg yolk proteins, vitellogenins, are related to apolipoprotein 8 (Byrne 
et al., 1989; Chen et al., 1997) and microsomal triglyceride transfer protein (Mann et 
al., 1999), which are transporters of steroid hormones in vertebrates. Consequently 
vitellogenin-bound steroids could enter eggs via receptor-mediated endocytosis (Warrier 
and Subramoniam, 2002). Both 17~-oestradiol (E2) and progesterone (PG) are thought 
to bind to vitellogenin (Vtg) at lipid-binding sites and have been associated with Vtg in 
the hepatopancreas and vitellin (Vt) in the eggs and embryos of crabs (Warrier et al., 
2001 ). In insects the release of ecdysteroids bound to proteins in eggs has been shown to 
facilitate embryogenesis (Bownes et al., 1988). Similarly steroid hormones like E2 and 
Pg bound to lipovitellin in the eggs may instigate and facilitate morphogenesis during 
crustacean embryogenesis. 
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Exposing P. elegans females to both E2 and 4-NP appeared to have little effect 
on their ability to produce fertilised eggs, although none of the females carried their 
eggs full term. In contrast to the present study, Oberdorster et al. (2000) reported that 
exposure of female Palaemonetes pugio, to the endocrine disrupting polyaromatic 
hydrocarbon (P AH), pyrene, elevated Vtg levels with no effect on either fecundity or 
moulting. Moreover, survival of the larvae produced by female P. pugio exposed to 
pyrene was reduced, whereas both moulting and the time to reproduction were 
significantly delayed in males exposed to pyrene (Oberdorster, et al., 2000a). It is, 
therefore, possible that increased Vtg levels are a defence mechanism, binding xeno-
oestrogens, like pyrene, to the Vtg where it is transported to the eggs. This would 
explain the insensitivity of females compared to males and the subsequent effects on 
progeny after pyrene exposure. Unfortunately it was not possible to fully investigate 
similar effects in the present study, due to the limited number of females available, 
compounded by the inability of the unexposed females to produce larvae. It therefore 
remains unlikely that E2 or 4-NP have any effect on P. e/egans reproduction, at 
environmentally realistic concentrations. The inability of the females in this study to 
maintain eggs may, therefore, have been symptomatic of stress (S. Tuberty, EPA, pers. 
corn). 
Although 4-NP and TBT can cause metabolic androgenisation in D. magna, at 
environmentally realistic levels, neither produce significant disruption to moulting or 
reproduction (Oberdorster et al., 1998c; Comber et al., 1993). The development and 
growth mechanisms of Crustacea are regulated by ecdysteroids and the results of this 
study suggest that it is unlikely that 4-NP or E2 interfere with the ecdysteroid system in 
a receptor-mediated manner. The lack of endocrine disrupting effects on larval 
development reported in this study and other studies, may relate to the reported ability 
of invertebmtes, like vertebrates, to detoxify steroids and xenobiotics. For example in a 
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yeast-based transcription activation (YES) assay, nonylphenol has been reported to 
exhibit oestrogenic activity whereas the glucose-conjugates of nonylphenol were not 
oestrogenic (Moffat et al., 2001). These results suggest that glucuronidation reduces or 
negates the oestrogenicity of nonylphenol. 
D. magna has been shown to be capable of biotransforrning, or metabolising, 
vertebrate steroids (Baldwin and Leblanc, 1994; Baldwin et al., 1997; Shurin and 
Dodson, 1997; Baldwin et al., 1998; Oberdtlrster et al., 1998c). Several other 
crustaceans are also capable of biotransforming vertebrate like steroids via glucose- and 
sulphate-conjugation (Parks and LeBlanc, 1996). DES significantly reduced the 
elimination rates of 2 major hydroxylated testosterone metabolites in D. magna whilst 
the elimination of glucose conjugates was significantly elevated (Bald win et al., 1995). 
Nonylphenol is extensively biotransformed in the pond snail Lymnea stagna/is and the 
lack of developmental effects in this species indicates weak uptake and rapid 
metabolism and excretion, primarily via terminal oxidation and P-oxidation of the linear 
alkyl chain (Thibaut et al., 2000). In comparison, fish mainly form nonylphenol 
glucorinide with additional minor sulfate conjugates (Thibaut et al., 2000). These 
differences in metabolism may in part explain the disparate effects of xeno-oestrogens 
on vertebrates and invertebrates. 
Based on the difficulties encountered in this study, C. maenas larvae are a poor 
model for investigating endocrine disruption in Crustacea. The lack of consistent 
concentration dependant effects on the development, survival and growth of P. elegans 
and C. maenas larvae suggest that 4-NP does not pose a risk to decapod crustaceans, at 
concentrations currently present in the environment. 
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7 Vitellin-like Proteins in P. elegans and C. maenas Larvae 
7.1 Introduction 
It is becoming increasingly apparent that certain xenobiotics in the environment 
are capable of disturbing honnonally regulated functions in both vertebmtes (Colburn et 
al., 1993; Sumpter and Jobling, 1993; Guillette, 2000) and certain invertebmtes 
(Depledge and Billinghurst, 1999; Hutchinson, 2002). However due to the insidious 
nature of these disturbances the ecological effects of these chemicals on the 
environment are not clear. 
Due to their action on the vertebrate reproduction and in particular the potential 
health risks they pose to humans, those chemicals capable of mimicking the action of 
oestrogens, the so called xeno-oestrogens, have received the greatest attention (Colbom 
et al., 1996; Safe, 1997; Sultan et al., 1999; Degen and Bolt, 2000; Safe, 2000; 
Tollefsen et al., 2002). 
Of primary concern in ecotoxicological assessments is the adverse effects of 
contaminants at cellular or molecular level and how these relate to effects observed at 
the population level (Handy et al., 2003). The use of appropriate molecular, cellular or 
morphological biomarkers can serve to indicate the health of the fauna in a particular 
ecosystem (Fingennan et al., 1998), although such biomarkers should ideally be linked 
to effects realised at community or population level (Depledge, 1996). Despite a 
plethora of studies investigating the effects of xeno-oestrogens on aquatic invertebrates, 
few studies have linked effects at the ceiVmolecular level with adverse effects on 
populations or communities. 
A variety ofbiomarkers including, gene expression (Arukwe et al., 2001), spenn 
count (Toft and Baatrup, 2001), modulation of endogenous steroid honnone 
concentrations (Guillette et al., 1999; Thibaut et al., 2002; Villeneuve et al., 2002), 
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alteration in the activity of cytochrome P450 enzymes (Williams et al., 1998; Akerblom 
et al., 2000; Melo and Ramsdell, 200 I ; Shimasaki et al., 2003 ), expression of stress 
proteins (see Lewis et al., (1999) for review), disruption of neuro-endrocrine systems 
(see Handy et al., (2003) and Jalabert et al., (2000) for reviews), reduced fertility 
(Jobling et al., 2002b; Robinson et al., 2003) and gonad abnormalities (Jobling et al., 
1996; Lye et al., 1997; Gimeno et al., 1998; Alien et al., 1999b; Jobling et al., 2002a; 
Jobling et al., 2002b) have been developed to provide diagnostic tools for identifying 
exposure to environmental oestrogens and xeno-oestrogens in aquatic vertebrates. 
Endogenous oestrogens are responsible, at the molecular level, for the induction 
and regulation ofvitellogenin (Vtg) (Clegg, 1969; Wahli et al., 1981). Lipovitellin (Vt) 
is the primary protein of the egg yolk of oviparous animals and induction of the Vt 
precursor Vtg, arising from exposure to both exogenous oestrogens and xeno-
oestrogens, has become a reliable biomarker of endocrine disruption in fish (Sumpter 
and Jobling, 1995; Harries et al., 1997; Harries et al., 1999; Jones et al., 2000; Sole et 
al., 2001; Casini et al., 2002; Rose et al., 2002), turtles (Palmer and Palmer, 1995; lrwin 
et al., 2001) and amphibians (Pal mer and Palmer, 1995; Palmer et al., 1998). 
In vertebrates, oestrogens are also responsible, at the organism level, for sexual 
differentiation and development. Furthermore, since they are instrumental in regulating 
female reproduction, adverse effects, by contaminant exposure, at a cellular level (e.g. 
Vtg induction) in species like the sand goby, Pomatoschistus minutus, (Alien et al., 
2002), Japanese medaka, Oryzias latipes (Cheek et al., 2001) flounder, Platichthys 
jlesus, (Lye et al., 1997; Simpson et al., 2000), zebrafish, Danio rerio, (Van den Belt et 
al., 2002) roach, Rutilus ruti/us, (Jobling et al., 2002a) and Atlantic salmon, Salmo 
salar, (Akerblom et al., 2000) are potentially indicative of detrimental effects at a 
population level. 
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In invertebrates the most notable exception to the lack of evidence of a . 
mechanistic link between contaminant exposure and population effects is the decline in 
the numbers of Nucella lapi/lus arising from tributyltin induced imposex (Evans et al., 
2000)(Gibbs and Bryan, 1986; Spooner et al., 1991; Morcillo and Porte, 1999; 
Oberdorster and McClellan-Green, 2000; 2004). For crustaceans, molecular biomarkers, 
including variations in the elimination rates of testosterone (Baldwin et al., 1997; 
LeBlanc and McLachlan, 2000), p450 activity (Oberdorster et al., 1998b) and 
morphological biomarkers (Brown et al., 1999), have all been identified as possible 
indicators of exposure to xeno-oestrogens. However, in some cases the biomarker 
effects are elicited at concentrations that are not environmentally relevant (Baldwin et 
al., 1998). Moreover, few studies have identified subsequent adverse effects on 
populations, although there is some evidence that morphological biomarkers like 
secondary sex characteristics (Brown et al., 1999; Olmstead and LeBianc, 2000), 
biochemical biomarkers like steroid metabolism (see Segner et al., (2003) and 
Hutchinson, (2002) for reviews), and histological biomarkers (Vandenbergh et al., 
2003) may be indicative of adverse effects on population dynamics. 
Vitellogenin has been identified in the blood plasma of several marine 
invertebrate species, including prawns (Chang and Jeng, 1995; Jasmani et al., 2000; 
Longyant et al., 2000) and crabs (Andrieux and Defrescheville, 1992; Spaziani et al., 
1995; Lee et al., 1996). The use of Vtg induction in adult Crustacea as a biomarker of 
exposure to xeno-oestrogens has, however, failed to indicate endocrine disruption 
(Alien et al., 2002). This may in part reflect the paucity of knowledge relating to a 
functional role of oestrogens in crustacean reproduction (Fairs et al., 1989; Quinitio et 
al., 1991 ; Surnmavielle et al., 1995). 
A vitellin-like protein, cyprid major protein (CMP), has been identified in the 
larvae of the barnacles Balanus amphitrite (Shimizu et al., 1996b; Billinghurst et al., 
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2000) and Elminius modestus (Billinghurst et al., unpublished). CMP is of a comparable 
size (170 kDa) to the heavy subunit of barnacle Vt and exhibits cross-reactivity with an 
antiserum raised against this subunit (Shimizu et al., 1996b). CMP accumulates during 
naupliar development, peaking in the lecithotrophic cyprid stage, with levels declining 
prior to settlement (Billinghurst et al., 2000). Based on the similarities between CMP 
and Vt, combined with the assumption that expression of both proteins is under similar 
hormonal control, it has been proposed that perturbations in CMP expression may arise 
from exposure to natural oestrogens and xeno-oestrogens. Accordingly Billinghurst et 
al. ( 1998) observed that CMP was elevated in B. amphitrite cyprid and late naupliar 
larvae exposed to 1 1-1g L'1 of 4-NP. Furthermore, comparable concentrations of 4-NP 
have been shown to both increase the rate of development and settlement of E. modestus 
cyprids (Billinghurst et al., 2001). Similar concentrations of 4-NP inhibited the 
settlement rates of B. amphitrite suggesting an inverse relationship between settlement 
and CMP levels in some species (Billinghurst et al., 1998). These data suggest that the 
use of CMP as a biomarker of xeno-oestrogen exposure potentially relates directly to 
detrimental effects manifested in subsequent generations. 
It has been suggested that CMP acts as an energy reserve and amino-acid pool 
for settlement and early post metamorphic development (Satuito et al., 1996; Shimizu et 
al., 1996b ). In this role, CMP would be analogous to the hexamerin class of proteins, 
including larval storage proteins (LSPs) in insects (Telfer and Kunkel, 1991; Burmester, 
1999; Terwilliger, 1999; Wheeler et al., 2000; Burmester, 2002). 
The ability of xeno-oestrogens to modify the expression of CMP at 
environmentally realistic concentrations (Billinghurst et al., 2000) suggests that LSPs 
may represent potential biomarkers of endocrine disruption in other invertebrates. 
Consequently the present study aimed to investigate whether a vitellin-like protein, 
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comparable to CMP, is present in the larval stages of other crustaceans and if so, 
whether its expression is affected following exposure to natural or xeno-oestrogens. 
The approach adopted was to screen the larval stages of the crab, Carcinus. 
maenas, and the prawn, Pa/aemon elegans, using polyclonal antisera raised against 
purified vitellins from the respective species. By analogy with CMP, it was predicted 
that putative LSPs would be related to vitellins. Next C. maenas and P. elegans larvae 
were exposed to 4-n-nonylphenol and 17~-oestradiol, to test the null hypothesis that 
xeno-oestrogens have no effect on the expression of vitellin-like proteins in decapod 
larvae at environmentally realistic concentrations. An enzyme linked immunosorbent 
assay (ELISA) for vitellin-like proteins was developed for this purpose. 
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7.2 Methodology 
7 .2.1 Extraction and Preparation of Soluble Protein from Larvae 
Approximately 50 recently hatched Carcinus maenas zoea I (Zl) larvae were 
collected, rinsed in homogenisation buffer (50 mM Tris HCI, pH 7.5) and homogenised 
(see Chapter 2). After centrifugation, the supematant was assayed for total protein 
content and stored at -80°C prior to analysis. A further 50 larvae from each zoeal stage 
were taken from batch cultures of C. maenas larvae (Chapter 2). Only larvae which had 
moulted within 12 h of each other were selected. The larvae were homogenised and 
prepared as for the initial Zl stage. Once all the larval stages had been sampled, 
homogenates were subjected to SDS-P AGE, loading I 0 jlg of total protein from each 
homogenate and 0.2 11g of purified lipovitellin per lane, as a positive control, prior to 
Western blotting (Chapter 2). Western blots were initially probed with antisera (see 
rational in Chapter 2) raised against delipidated lipovitellin (VtD) (1 :3000) from the 
respecti':e species followed by incubation in alkaline phosphatase conjugated secondary 
antibodies (I :3000) and visualised with BCIPINBT (Chapter 2). Membranes were dried 
and the band intensity of the immunoreactive polypeptides was determined using the 
Multi-Genius system (Syngene bioimaging systems). Profile analysis of variations in 
band intensity between larval stages from each species was conducted using GeneTools 
gel analysis software (v3.02, Syngene bioimaging systems). The entire procedure was 
repeated using Palaemon elegans larvae. 
Exposure of larvae to 4-n-nonylphenol ( 4-NP) and 17~-oestradiol <Ei) 
The protozoea released from four C. maenas females were pooled and the 
healthiest larvae, as determined by phototaxis to a single point light source (first to light 
selected), were transferred to a separate container and allowed to moult to Zl. Of the 
3000 newly moulted C. maenas Zl larvae, 200 were sampled for protein analysis. The 
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remaining 2800 Zl were evenly distributed between 28 glass beakers containing 1 L 
filtered seawater at a density of 100 individuals L-1• Each of the three 4-NP and two E2 
treatments comprised 4 replicate beakers labelled A-D. The treatments were 4-NP at 0.2, 
2, 20.0 1-1g L-1 and E2 at 0.2, 20.0 1-1g L-1• The test solutions were prepared from acetone 
stock solutions (Chapter 2). There were two controls, a seawater control and a solvent 
control (containing acetone at <1 ppt). Each of the beakers received gentle aeration via 
glass tubes and were illuminated by overhead lighting on an ambient square wave 
pattern. The test solutions were replaced daily, at which point larvae were staged and 
any dead larvae were removed. 
Typically, a few precocious individuals would be observed on the first day that a 
population moulted to the successive larval stage. In order to sample individuals with 
the same moult history, these precocious larvae were discarded and the population was 
then sampled the next day. On the day after the first moulted individuals had been 
observed, the entire population of that vessel was staged and the most recent stage was 
retained for protein analysis and the remaining larvae discarded. In practice beaker A 
was sampled for Z2, beaker B for Z3, beaker C for Z4 and beaker D for megalopae. 
The sampling of P. e/egans larval stages was similar to that of C. maenas. 
Severn beakers were used per treatment for the 6 larval stages (Z2-Z7) and the first 
postlarval stage (PL) of P. elegans. Approximately 3000 Zl larvae were released 
simultaneously from 10 P. e/egans females and the healthiest were collected directly 
from hatching. The zoeae were distributed between 49 beakers, labelled A-G, at 50 
individuals L-1• Beaker A was sampled for Z2, beaker B for Z3 etc., with beaker G being 
sampled for the first postlarval stage. One hundred Z 1 were retained for protein 
analysis. 
Homogenates of all the larval stages, from both species, were subjected to SOS-
PAGE and Western blotting (Chapter 2). Where possible, equal amounts of total protein 
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(BSA equivalents), were loaded onto gels for each larval stage. Western blots of larval 
homogenates were screened with both custom antisera (l 0 ) to Vt and VtD (see Chapter 
3) at ratios of 1: 5000. Initial immunostaining using the ABC system (Vectastain) was 
replaced in favour of the direct use of an alkaline phosphatase conjugated secondary 
antibody (Chapter 2) due to sample cross reactivity with ABC complex. Secondary 
antisera (2°) ratios matched primary ratios (i.e. I 0 I :5000, 2° 1 :5000). 
7 .2.2 Development of an ELlS A for Quantification of Vitellin-like Proteins 
An indirect ELISA was used to investigate expression of vitellin-like proteins 
present in P. elegans larvae following exposure to 4-NP and E2. This method required 
the antigen of interest to be bound to a solid phase, in this case the well walls of 96-well 
polystyrene microplates (Elkay Laboratory products, U.K.) and the following ELISA 
describes a modified assay version of an developed by Lee and Watson, (1994). 
To each ELISA well, 200 f.ll of coating buffer (50 mM carbonate, pH.9.6) was 
added containing 15 f.lg of total soluble protein from homogenates of larvae exposed to 
4-NP or E2. Each sample of interest was replicated in triplicate on the plate which was 
incubated overnight at 4°C. Wells were then washed thrice in Tween-20 phosphate 
buffered saline (TPBS) (10 mM sodium phosphate, pH 7.3, 0.05% Tween-20) and then 
incubated for 1 h at 21 oc with 200 f.ll blocking buffer (l 0 mM sodium phosphate, pH 
7.3, 3.5% powdered milk, TESCO). Microplate wells were then washed thrice in TPBS 
and incubated overnight at 4°C with custom P. elegans antisera to VtD (Chapter 3) in 
blocking buffer. The microplate wells were again rinsed three times with TPBS and 
incubated with 200 f.ll of PBS (10 mM sodium phosphate, pH 7.3) containing 
horseradish peroxidase conjugated anti-rabbit lgG (Sigma, A6154) for 2 h. Following a 
further three washes in TPBS, 200 f.ll of citrate buffer (0.1 M citrate buffer, 0.03% 
H20 2, pH. 4.2), containing 0.5 mg ml"1 of 2,2'azinobis{3-ethylbenzothiazo line-6-
sulphonic acid} diarnmonium salt (ABTS), was added to each well. After incubation for 
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90 m in at 21 °C, the absorbance of the wells was read at 405 nm using a microplate 
reader. 
A P. e/egans Vt standard curve was prepared in order to calculate the amount of 
vitellin-like protein present as lipovitellin equivalents. For this, a range of lipovitellin 
standards (typically 5-70 ng) was added, in triplicate, to each plate. 
The assay sensitivity was defined as the point two standard deviations from the 
mean of 15 replicates of the blank. The robustness of the assay associated with its 
reproducibility was defmed by intra-plate coefficients of variation (CV) below l 0% 
(Equation 7.5). 
Equation 7.5 
The EL! SA for quantifying the presence of IRPs in P. elegans was also applied 
to C. maenas larval homogenates. 
7.2.3 Quantification of Vitellin-like Protein in C. maenas using Densitometry 
Homogenates of C. maenas larvae which had been exposed to 4-NP (0.2, 2 and 
20 J.lg L'1), E2 (0.2 and 20 J.Lg L'1) and the corresponding seawater and solvent controls 
(acetone at <l ppt ) were subjected to SOS-PAGE and western blotting (Chapter 2). 
Western blots were probed with antiserum to C. maenas VtD (l :3000) and alkaline 
phosphatase conjugated secondary antibodies (1 :3000). After visualisation with 
BCIPINBT, membranes were dried and the band intensity of the immunoreactive 
polypeptides quantified against Vt standards, using the Multi-Genius system (Syngene 
bioimaging systems). Profile analysis of variations in band intensity between 
comparable larval stages exposed to 4-NP and E2 was conducted using Genetools 
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analysis software (v3.02, Syngene bioimaging systems). Three separate immunoblots of 
larval homogenates, from three different batches of exposed larvae, were subjected to 
the same procedure and the results combined. 
7 .2.4 Amino Acid Sequencing 
Two hundred Z4 Carcinus maenas larvae were batch cultured, homogenised and 
a sub-sample subjected to 7.5% SOS-PAGE as previously described (Chapter 2). After 
staining with CB B-R, bands of approximately 80 kDa in the homogenate protein profile 
were identified. In order to confirm which of these bands was immunoreactive, the 
respective bands were excised from 24 identically loaded lanes on two 7.5% SOS-
PAGE mini-gels (10 x 10 cm) and pooled. The 3 groups of pooled bands were again 
subjected to SOS-PAGE and Western blotting. The membrane was probed with antisera 
raised against Vt from the appropriate species and the immunoreactive bands identified. 
Once the immunoreactive band had been identified, the remaining C. maenas Z4 
homogenate was subjected to SOS-PAGE, stained with CBB-R and the relevant band 
excised. The latter was divided into equal amounts and loaded onto two 7.5% SOS-
p AGE mini-gels run at 40 mA for 4 h. 
For amino acid sequencing of the immunoreactive polypeptides, two different 
approaches were taken after electrophoresis. One of the gels was subjected to Western 
blotting onto PVOF and the membrane stained with 0.1% CBB-R. After destaining the 
membrane, sequencing of the stained band was attempted by Edman degradation in the 
Molecular Biology Unit of Newcastle University. 
The remaining gel was stained with Cooper stain (Calbiochem, U.S.A.) and the 
clear (unstained) protein band excised from each lane. The excised gel slices underwent 
electrophoresis on a single minigel (10 x lOcm) with a 7.5% resolving gel overlaid with 
separate 4.5% and 2.5% stacking gels. The gel was stained with CBB-R and destained 
until the single polypeptide was clearly visible. The gel was then sent to the Molecular 
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Biology Unit of Newcastle University for microsequencing which involved in-gel 
digestion of the polypeptide. In brief, the polypeptide was subjected to in-gel trypsin 
digestion using ProteoProfile Trypsin In-Gel Digest Kit (SIGMA-ALRICH, PPOIOO) 
according to manufacturers' protocol. Peptide fragments were then separated by 
micropore-HPLC and selected fractions sequenced by either Edman degradation or 
MALDI-TOF analysis. HPLC fractionation, MALDI-TOF analysis and Edman 
degradation were conducted by the Molecular Biology Unit of Newcastle University. 
The entire procedure was repeated for homogenates of Z4 P. elegans larvae. 
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7.3 Results 
7.3.1 Ontogeny of Immunoreactive Polypeptides in P. e/egans and C. maenas Larvae 
Electrophoresis under denaturing revealed 7 to 8 clearly distinguishable 
polypeptides in homogenates of P. elegans larvae (Figure 7.3.1.1). Approximate 
molecular weights of the major polypeptides are presented in Table 7.3.1.1. 
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Figure 7.3 .1.1 SDS-PAGE of proteins from the larval (Zl-Z7) and postlarval stages (PL) of 
P. e/egans, presented with lipovitellin (Vt) purified from P. e/egans. The masses (k.Da) of 
molecular weight markers (ma) are provided in right margin. To each lane I 0 Jlg of total 
protein from homogenised larvae (n=50) was loaded. Proteins were visualised with CBB-R 
Subscripts 1-8 correspond to identifiable polypeptides. 
The protein profiles were similar at all stages, although an additional low molecular 
weight polypeptide (40 kDa) was present after Z2. The largest polypeptide present in all 
the larval and postlarval stages was approximately 86 kDa and comparable to the 86.4 
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kDa polypeptide in purified P. elegans lipovitellin (Vt) (Table 7 .3.1.1 ). There were 
slight differences in the mass of the immunoreactive polypeptides in the different larval 
stages of P. elegans, however, they were all ~86 kDa. 
Table 7.3.1.1 Molecular masses of primary polypeptides in P. elegans zoea (1-7) and 
postlarvae (PL) homogenates derived from SDS-PAGE presented with purified P. elegans 
lipovitellin (Vt). Values in bold correspond in mass to a subunit of vitellin (Molecular 
wei2hts acauired usinl! Svnl!ene GeneTools) 
Band Zoea 1 Zoea2 Zoea 3 Zoea4 Zoea 5 Zoea6 Zoea 7 PL Vt 
182.93 
103.71 
97.40 
1 86.45 86.05 86.14 84.93 85.54 85.72 84.94 85.49 86.19 
2 81 .23 81.26 81.33 81.01 81 .56 80.83 80.07 81.00 
81.41 
3 76.72 76.35 76.39 76.06 76.14 76.23 77.12 76.34 
4 70.24 69.52 69.54 68.47 68.85 68.51 68.16 68.54 
5 66.34 66.69 66.69 65.51 65.27 65.75 64.77 64.76 
6 53.22 53.00 52.96 52.69 52.61 52.32 52.25 
7 51.31 50.91 51.05 50.41 50.31 50.40 50.13 49.51 
8 41.57 41.30 41.01 40.86 40.44 40.67 
Western blots of the larvae and postlarval stage from P. elegans indicated that 
the polypeptide ~86 kDa was very weakly immunoreactive to P. elegans Vt antisera. 
(Figure 7.3 .1.2). In contrast to the reaction obtained with Vt antisera, there was a strong 
reaction between the ~86 kDa polypeptide present in the larvae and antisera raised 
against P. elegans apolipovitellin (VtD) (Figure 7.3.1.3). There was, moreover, a weak 
reaction with a slightly higher molecular weight polypeptide (~lOO kDa) in Z 1, but 
there was no corresponding polypeptide on SDS-PAGE gels (Figure 7.3.1 .1). This 
immunoreactive band is similar in size to the l 03 kDa polypeptide present in purified Vt 
(Figure 7.3 .1.3 ). 
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Figure 7.3.1.2 Immunoreactivity of blotted proteins from homogenates of P. elegans 
zoea 1-7 (Zl-Z7) and first postlarval stage (PL). Ten ~g of total protein was loaded in 
each lane with 0.5 ~g of purified P. elegans lipovitellin (Vt) as a standard. Western blot 
probed with antiserum raised against purified P. elegans lipovitellin at l :5000 and 
visualised with BClP/NBT. 
Figure 7.3.1 .3 Immunoreactivity of transfer blotted proteins from P. elegans larval 
homogenates zoea 1-7 (Z1-Z7) and first postlarval stage (PL). Ten ~g of total protein was 
loaded in each lane, with 0.5 ~g of purified P. elegans lipovitellin (Vt) as a standard. 
Western blot probed with antiserum raised against purified P. elegans apolipovitellin at 
I :5000 and visualised with BCIP/NBT. 
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SOS-PAGE of C. maenas larvae revealed 9 to 10 primary polypeptides at each 
stage (Figure 7.3.1.4). The molecular masses of the primary polypeptides are presented 
in Table 7.3.1.2. The protein profiles were similar between all the larval stages, however 
zoeal stages 1-4 had an additional high molecular weight polypeptide of approximately 
215 kDa in size, which was absent in the megalopal stage. The two primary 
polypeptides of approximately 77 kDa and 70 kDa were present in all the larval stages 
(Figure 7.3.1.4). Polypeptide 2 (Figure 7.3.1.4) was comparable in mass to the 76.8 kDa 
subunit of purified C. maenas Vt. 
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Figure 7.3. 1.4 SOS-PAGE of proteins from the zoeal {ZI-Z4) and megalopal stages (M) of 
C. maenas, presented with C. maenas lipovitellin (Vt) as standard. The masses (kDa) of 
molecular weight markers (ma) are provided in right margin. To each lane 10 ~g of total 
protein from homogenised larvae (n=50) was loaded. Proteins were visualised with CBB-R 
Subscripts 1-10 correspond to identifiable polypeptides. 
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Table 7.3.1.2 Molecular mass of primary polypeptides in C. maenas zoeae l-4 and megalopa 
(M) homogenates derived from SDS-P AGE presented with values determined for purified C. 
maenas lipovitellin (Vt). Values in bold correspond in mass to a subunit of vitellin 
(Molecular weights acquired using Syngene GeneTools) 
Band Zoea 1 Zoea2 Zoea 3 Zoea4 Megalopae Vt 
1 215.65 214.68 214.14 215.41 
98.62 
2 78.04 77.53 76.54 75.99 77.26 76.82 
3 70.91 69.23 68.39 67.97 69.15 
4 59.71 59.47 59.26 59.35 59.94 
5 53.77 53.58 53.45 53.60 53.95 
6 49.31 48.93 48.86 49.05 49.86 
7 46.69 
8 44.03 43.92 44.09 44.32 45.28 
9 41.20 40.37 40.37 40.42 42.23 
10 34.96 35.51 35.53 35.75 36.09 
Z1 Z2 Z3 Z4 M 
.--98.6 kDa 
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Figure 7.3 .1.5 Immunoreactivity of transfer blotted proteins from C. maenas Z 1-Z4 and 
megalopal stage (M). Ten Jlg of total protein was loaded in each lane and probed with 
antiserum raised against purified C. meanas Lipovitellin at I :5000. Blots visualised with 
BCIP/NBT. Arrows indicate approximate molecular masses (kDa) based on lipovitellin 
subunits. 
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Immunoblots of C. maenas larval homogenates probed with antisera to C. 
maenas Vt revealed several minor immunoreactive polypeptides, while a distinctive 
immunoreactive band of approximately 77 kDa was observed in all the larval stages 
(Figure 7.3.1.5). As in P. elegans larvae, there were slight differences in the mass of the 
immunoreactive polypeptides in the different stages of C. maenas, and these were 
collectively considered to be - 77 kDa. 
Z1 Z2 Z3 Z4 M Vt 
+- 98.6kDa 
+- 76.8kDa 
Figure 7.3.1.6 Immunoreactivity of transfer blotted proteins from C. maenas larval 
homogenates Zl-Z4 and megalopal stage (M). Ten J,lg of total protein was loaded in each 
lane, with 0.5Jlg of purified C. maenas lipovitellin (Vt) as a standard. Western blots probed 
with antiserum raised against purified C. maenas apolipovitellin at I :5000. Blots visualised 
with BCIP/NBT. Arrows indicate approximate molecular weights (k.Da) based on lipovitellin 
subunits. 
The same polypeptide was clearly identified in immunoblots of C. maenas 
larvae probed with antisera to VtD (Figure 7.3.1.6). As with Western blots of P. e/egans 
larvae probed with VtD antisera, the antisera to C. maenas VtD was more sensitive to 
the polypeptides present in the larval stages. The - 77 kDa polypeptide in C. maenas 
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larvae, which was immunoreactive to both antisera (VtD and Vt), was also of a 
comparable size to the smaller subunit of purified C. maenas Vt (Table 7.3.1.2). 
As the approximately 77 kDa polypeptide in C. maenas larvae and the 
approximately 86 kDa polypeptide in P. e/egans larvae were similar in size with Vt 
subunits and showed immunoreactivity to both Vt and VtD antisera, they were 
considered to be vitellin-like and were investigated further. 
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Figure 7.3.1.7 lmmunoblot probed with antiserum to apolipovitellin (I :3000) identifying the 
immunoreactive polypeptide at - 86 kDa in the larval stages of P. e/egans. The trace shows 
the relative density (absorbance) at each stage. Track 1-7, homogenates from zoea 1-7; Track 
8, homogenate of postlarvae; Track 9, purified lipovitellin (0.2 J.lg). The baseline absorbance 
was adjusted to correct for variations in background staining. 
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In order to quantify the immunoreactive polypeptide in P. e/egans larvae, 0.2 11g 
of lipovitellin was loaded onto immunoblots. The latter, however, was composed of 
several polypeptides which prevented direct quantification. By comparing the density of 
the - 86 kDa polypeptide in the larvae with the density of the 86.4 kDa subunit of Vt, on 
three replicate immunoblots, it was possible to estimate the ontogeny of polypeptide 
expression (Figure 7.3 .1. 7). 
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Figure 7.3.1.8 Variation in the quantity (mean ± SE for 3 immunoblots) of the 86 kDa 
immunoreactive protein present in zoeae (ZI-Z7) and first postlarval stage (PL) of P. 
e/egans expressed a proportion of the density obtained from the 86 kDa subunit of P. e/egans 
vitellin. 
Based on the relative density of the 86.4 kDa polypeptide in viteUin, there was 
little variation in the expression of the - 86 kDa polypeptide between the early larval 
stages (Zl-4), with densities around 40-42% ofthe lipovitellin subunit (Figure 7.3.1.8). 
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There was a significant decline (ANOVA: F=37.81, d.f.=7,16, P<O.OOl) in the 
-86 kDa polypeptide titre of P. elegans larvae after Z4. Using Tukeys post-hoc test the 
levels in Z6 were comparable to Z5, however, the relative density of the -86 kDa 
polypeptide fell to 16% of the lipovitellin subunit at Z7 and was significantly lower than 
all the other stages. On moulting to postlarvae, the levels of the immunoreactive 
polypeptide were again equal to those observed in larvae prior to Z5. 
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Figure 7.3.1.9 Immunoblot probed with antiserum to apolipovitellin (I :3000) identifying 
the immunoreactive polypeptide at - 77 k.Da in the larval stages of C. maenas. The trace 
shows the relative density of the immunoreactive protein present at each stage. Tracks 1-
4, homogenates from Z 1-4; Track 5, homogenate of 4-d old zoea 4; Track 6, megalopae; 
Track 7, purified lipovitellin (0.2J.lg). The baseline absorbance was adjusted to correct 
for variations in background staining. 
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Figure 7.3.l.LO Variation in the quantity (mean ±SE for 3 immunoblots) of the 76.8 kDa 
immunoreactive polypeptide present in the zoeae (Zl-4) and megalopal stages of C. maenas, 
expressed as a proportion of the density obtained from the 77 kDa subunit of C. maenas 
vitellin. 
Fluctuations in the levels of the ~77 kDa in C.maenas larvae were also observed 
between different stages (Figure 7 .3.1.9). The relative density returned from the ~ 77 
kDa immunoreactive band in Zl to Z3 was approximately 20% of that for the 76.8 kDa 
Vt subunit (Figure 7.3.1.10). For Z4 and megalopa, the corresponding values were 37% 
and 59% respectively (Figure 7.3.1.1 0). Although there were no discernible differences 
between the early stages, a significant increase (ANOVA: F=29.32, d.f.=4,10, P<O.OOl) 
in the levels of the ~ 77 kDa polypeptide was observed between Z3 and Z4 and between 
Z4 and the rnegalopal stage. 
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7.3.2 Quantification of Vitellin-like Proteins in P. elegans Larvae Using an ELISA 
Preliminary investigations indicated that 5-20 ng of the vitellin-like protein was 
present per 10 Jlg of total soluble protein per larval stage of P. elegans. As with 
imrnunoblots, differences in the response of polyclonal antisera raised against Vt and 
VtD were apparent during ELISA development. Figure 7.3.2.1 compares the standard 
curves of antisera to Vt and VtD using Vt as standard. Serial dilutions of antiserum to 
VtD, in PBS, were conducted in the range 1:1500 - 1:15000 and a dilution of 1 :3000 for 
primary and secondary antisera was chosen (Figure 7.3.2.2). Furthermore the response 
of the antiserum to VtD was linear over a greater range (5-70 ng) than to Vt (5-25 ng). 
However, with antiserum to VtD there was a noticeable divergence from linearity at 
concentrations above and below a 5-70 ng range. 
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Figure 7.3 .2. 1 EU SA response from antisera to P. elegans lipovitell in and apolipovitellin, 
diluted I :3000. Each point represents a mean value (n=3) ±SE. 
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Figure 7.3.2.2 Optical density at 405 nm of serial dilutions of P. elegans lipovitellin, 
incubated with varying ratios of antiserum to apolipovitellin. Equal ratio of primary to 
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Figure 7.3.2.3 ELISA standard curves for P. elegans lipovitellin (5-70 ng) produced on 3 
separate multi-well plates. Each point represents a mean value (n=3) ±SE. 
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Using purified P. elegans Vt as the antigen, the linearity of the standard curve 
was highly reproducible within the 5-70 ng range (Figure 7.3.2.3). The inter-assay 
precision of the ELISA based on the results from 5 replicate plates was determined 
using purified Vt in the range 5-60 ng. The results presented in Table 7.3.2.1 indicate 
the repeatability of the assay, with coefficients of variation between 2.0 and 6.8. 
Initially the interassay coefficients were considerably higher (~20-30%) but declined 
with further ELISA development. Inter-assay variation was between 3-12% throughout 
ELISA development {Table 7.3.2.2). 
The assay sensitivity, measured as the value two standard deviations from the 
mean of 15 replicates of the blank, was calculated as 6.3 ng (Table 7.3 .2.2). In practice 
this figure was adjusted by the values returned from the blank run on individual plates. 
The limit of detection (LOD) for the assay was taken as 6.3 ng of purified Vt. 
Table 7.3 .2.1 Inter-plate variation of ELlS A to quantify the levels of vitellin-like proteins in P. 
elegans larvae. Values are presented as mean absorbance of lipoviteUin standards with 
associated standard deviations and coefficients of variation determined from samples run on 
replicate plates (n=S). 
Mean Standard Coefficient of Sample Absorbance @ Deviation n Variation 405nm (%1 
Vitellin (ng) 
5 0.067 0.005 5 6.8 
10 0.233 0.006 5 2.6 
20 0.837 0.028 5 3.3 
30 1.358 0.028 5 2.0 
40 2.135 0.126 5 5.9 
50 2.495 0.073 5 2.9 
60 3.306 0.141 5 4.3 
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Table 7.3.2.2 Intra-plate variation of ELISA and limit of detection (LOD) for quantifying the 
levels of the P. elegans larval 86 kDa immunoreactive protein . Values are presented as mean 
absorbance of lipovitellin standards with associated standard deviations and coefficients of 
variation determined from sample replicates. The LOD was detennined from wells coated in 
homogenisation buffer (50 mM carbonate, pH. 9.6) acting as blanks prior to incubation with 
antisera. 
Sample 
Vitellin (ng) 
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6.327 
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Standard Coefficient of 
Deviation n Variation (%) 
0.013 9 12.1 
0.022 9 9.1 
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Figure 7.3.2.4 Concentration of vitellin-like protein in serial dilutions of P. elegans Zl 
homogenates. Values expressed as mean vitellin equivalents (n=3) ±SE.--- LOD (6.3 ng) 
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To determine the optimum protein loading of P. elegans larval homogenates for 
quantification of the vitellin-like protein, the readings from serial dilutions of Zl larval 
homogenates were compared. Figure 7.3.2.4 shows that there was a linear response to 
serial dilutions of the homogenate across the range 2.5-20 J..Lg. The vitellin-like protein 
was not detectable in less than 5 J..Lg of total protein and above 20 J..Lg total protein 
concentrations were not proportional. Subsequently, in order to maximise the sensitivity 
of the assay, only 15 J..Lg of total protein was loaded per well. 
Table 7.3.2.3 Summary of the analysis of variance (ANOVA) on the quantity of vitellin-like 
protein in P. elegans larvae (zoea 1-7) and postlarvae (PL) after exposure to 4-NP (0.2, 2.0, 20 
Jlg L-1 4-NP), E2 (0.2,20 Jlg L-1 E2) or acetone (Ace; < I ppt). SW; seawater control. Data 
presented as mean (n=3) vitellin equivalents (ng) in 15 Jlg of total protein ± SE in parentheses 
(complete ANOVA tables presented in appendix 3) 
Stage SW Ace 0.2J..LgL·' 20J..LgL· ' 0.2J..LgL'' 2J..LgL· ' 20J..LgL·
1 F- P-
(Zoea) E2 E2 4-NP 4-NP 4-NP Value Value 
1 l 0.11 10.11 
(0.13) (0.05) ----------- ---------- ---------- -------- ---------- -------- --------
2 8.37 8.17 8.09 7.67 8.94 8.74 8.3 1 11.8 <0.001 
(0.03) (0.06) (0.22) (0.12) (0.11) (0.09) (0.9) 
3 8.33 8.23 7.5 7.82 8.24 8.21 7.52 16.76 <0.001 
(0.05) (0.24) (0.03) (0.1) (0.07) (0.07) (0.07) 
4 7.40 7.43 7.46 7.16 8.18 7.95 7.81 71.1 3 <0.001 
(0.07) (0.05) (0.03) (0.1) (0.03) (0.07) (0.06) 
5 7.45 7.35 7.73 6.90 8.45 7.61 7.98 66.65 <0.001 
(0.02) (0.07) (0.09) (0.07) (0.04) (0.02) (0.01) 
6 7.27 7.22 7.63 6.81 8.52 7.44 8.16 64.59 <0.001 
(0.03) (0.1) (0.09) (0.04) (0.04) (0.05) (0.1) 
7 7.19 7.09 6.90 6.56 7.82 7.33 7.20 30.29 <0.001 
(0.04) (0.04) (0.08) (0.06) (0.13) (0.16) (0.02) 
PL 7.54 7.44 7.15 6.67 8.02 7.68 7.46 50.18 <0.001 
(0.05) (0.1) (0.05) (0.03) (0.12) (0.07) (0.02) 
Analysis of variance revealed significant differences in the quantity of the 
vitellin-like protein between one of the treatments and at least one other, at each stage 
(Table 7.3.2.3). There were no significant differences between the concentrations of the 
vitellin-like protein in larvae from either the solvent or seawater controls, regardless of 
stage (P<0.05), and these data were pooled. The highest concentration of 0.67 ng J..Lg-1, 
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(based on 15ug per sample) was recorded at Zl. In the pooled controls, levels of the 
vitellin-like protein declined from 0.67 to 0.49 ng f..lg-1 between Z2 and Z4 and from 
0.49 to 0.47 ng f..lg-1 between Z5 and Z7. The concentration of 0.50 ng f..lg- 1 recorded in 
the flrst postlarval stage was comparable to that in Z4 (Table 7.3.2.3). 
Subsequent pairwise comparisons, using Scheffe's method, were performed on 
the levels of the vitellin-like protein, in exposed larvae, compared with the pooled 
controls. Significant differences in the levels of the vitellin-like protein between larvae 
exposed to 4-NP and the pooled c<>ntrols are presented in Figure 7.3.2.5. Significant 
differences between larvae exposed to E2, compared with the controls, are presented in 
Figure 7.3.2.6. 
With the exception of Z3, levels were significantly elevated in all the larval 
stages exposed to 0.2 f..lg L-1 4-NP (Figure 7.3.2.5). At Z2, levels were 108% of the 
control and increased to 118% by Z6, after which they fell to 107% at the postlarval 
stage. In contrast, only Z4 larvae exposed to 2 jlg L-1 4-NP had significantly elevated 
levels of the vitellin-like protein (1 07%). Exposure to 20 jlg L-1 4-NP significantly 
reduced the levels of the vitellin-like protein at Z4 by 9% (91% of controls), while 
levels in Z4-Z6 were 105, 108 and 113% of the control respectively (Figure 7.3.2.5). 
In larvae exposed to 0.2 jlg L-1 E2, significantly lower levels were recorded at Z3 
(91%) and PL (95%), while significantly higher levels were measured at Z5 (104%) and 
Z6 (1 05%) (Figure 7.3 .2.6). Significantly lower concentrations were measured in all the 
stages oflarvae exposed to 20 jlg L-1 E2, compared with the control (Figure 7.3.2.6). 
198 
11 
10 
9 
i 8 
-J! 7 
c 
• l 6 
'S f 5 
c 
·-
-j 
> 
4 
3 
2 
1 l 
* 
0 ----1-L-----,.--'----'--
Z1 Z2 
OControl 
* 
Z3 
D0.21Jg/L •2.0 1'9/l •20 ~o~g/L 
*** * * * * * * 
ZA Z5 Z6 z:r PL 
Stage 
Figure 7.3.2.5 Levels of the 86 kDa vitellin-like protein present inP. e/egans larvae (Zl-7) and postlarvae after exposure to 4-n-nonylphenol (0.2, 2, 20 J.lS L-1 4-
NP) compared with control. Values determined against lipovitellin standard and are expressed as mean values (n=3) ±SE; 
*denotes significant differences from control (P<O.OS). 
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Figure 7 .3.2.6 Levels of the 86 kDa vitellin-like protein present in P. elegans larvae (Z 1-7) and postlarvae after exposure to 17j3-oestradiol (0.2 and 20 Jlg L"1 E2) 
compared with control. Values determined against lipovitellin standard and are expressed as mean values (n=3) ±SE; 
* denotes significant differences from control (P<0.05) 
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7.3.3 Quantification of Vitellin-like Proteins in C. maenas Larvae Using an ELISA 
and Densitometry 
Attempts were made to utilise the previously described ELlS A (developed to 
quantify vitellin-like proteins in P. elegans larvae) for vitellin-like proteins in C. 
maenas larvae. As with the polyclonal antisera raised against P. elegans vitelHns, there 
were differences in the immuno-reactivity of the antisera raised against C. maenas Vt 
and VtD (Figure 7.3.3.1). 
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Figure 7.3.3.1 ELISA response from antisera to C. maenas lipovitellin and apolipovitellin, 
diluted I :5000. Each point represents a mean value (n=3) ± SE 
Although this difference was not as pronounced as for the P. elegans antisera 
(Figure 7.3.2.1) the reaction of both antisera to C. maenas vitellins was greater, per unit 
of antigen, than for P. elegans vitellins. Consequently at a dilution of 1:3000 (equal to 
that used in the P. elegans ELISA) the optical density reached saturation prior to 40 ng 
of antigen, regardless of which antisera was used. Therefore, the dilution of the primary 
antisera ratio was increased from 1 :3000 to 1 :5000 for the C. maenas ELISA (Figure 
7.3.3.2). 
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Figure 7.3.3.3 Quantification of vitellin-like protein in serial dilutions of C.maenas Z l 
homogenates by EUSA. Values expressed as mean lipovitellin equivalents (n=3) ± SE 
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Based on preliminary results, a calibration range of 5-40 ng Vt was chosen for 
the C. maenas ELISA. In this range, the reaction of antiserum to C. maenas VtD, was 
linear (Figure 7.3.3.2). Although the sensitivity of the ELISA to C. maenas Vt was 
greater than for P. elegans, serial dilutions of C. maenas larval homogenates did not 
produce consistent results, as can clearly be seen in Figure 7.3.3.3. Regardless of the 
protein loading, a value of~ 10 ng lipovitellin equivalents was obtained. 
[n an attempt to rectify this problem, microwell plates from different 
manufactures and of different composition were used, as were different antisera ratios. 
Although the results were slightly altered, the overall effect remained the same. Due to 
the inability of the P. elegans ELISA to quantify the vitellin-like proteins in C. maenas 
larvae, expression of the ~ 77 kDa immunoreactive polypeptide in C. maenas Z2-Z4 
(Chapter 6), exposed to 4-NP and E2, was investigated by densitometry. 
Typical SDS-PAGE profiles of C. maenas Z2, Z3 and Z4, after exposure to 4-
NP and E2, are presented in Figure 7.3.3.4. An immunoreactive band of approximately 
77 kDa was identified in larvae from all the treatments at each stage (Figure 7.3.3.5). 
The total area of the immunoreactive band from 3 identical PVDF membranes was 
converted to Vt equivalents, based on the relative densities of the Vt standard present on 
each membrane, and the results are presented in Figure 7.3.3.6. 
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Figure 7.3.3.4 SOS-PAGE profiles of C. maenas Z2, Z3 and Z4 homogenates ( 10 Jlg) which 
had been exposed to 4-n-nonylphenol (NP) and 17P-oestradiol (E2) from hatching; (C) control, 
(SC) solvent control, (0.2 NP) 0.2 Jlg L"1 4-NP, (2.0 NP) 2 Jlg L.1 4-NP, (20 NP) 20 Jlg L.1 4-
NP, (0.2 E2) 0.2 Jlg L.1 E2, (20 E2) 20 Jlg L.1 E2; (M) untreated megalopae; (ZI) untreated zoea 
I ; (Vt) purified lipovitellin (I Jlg); (ma) molecular weight markers with values presented in 
right margin ( kDa). Proteins visualised with CBB-R. 
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Figure 7.3.3.5 Immunoblots identifying the immunoreactive 77 kDa protein present in 
homogenates (I 0 ~g) of C. maenas Z2, Z3 and Z4 which had been exposed to 4-n-
nonylphenol ( 4-NP) and 17f3-oestradiol (E2) from hatching; (C) control, (SC) solvent control, 
(0.2 NP) 0.2 ~g L"1 4-NP, (2.0 NP) 2 ~g L"1 4-NP, (20 NP) 20 ~g L"1 4-NP, (0.2 E2) 0.2 ~g L"1 
E2, (20 E2) 20 ~g L"1 E2; (M) untreated megalopae; (Vt) purified apolipovitellin (0.1 ~g). 
Western blot probed with antisera to lipovitellin at I :3000 and visualised with BCIP/NBT. 
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Figure 7.3.3 .6 Variation in the quantity of the 77 kDa immunoreactive polypeptide present 
in homogenates of C. maenas larvae exposed to 4-n-nonylphenol ( 4-NP) and 17P-oestradiol 
(E2) ; (C) control, (SC) solvent control. Mean values expressed as vitellin equivalents from 3 
immunoblots ± SE. 
There was an increase in the quantity of the 77 kDa polypeptide with successive 
stages, irrespective of treatment (Figure 7.3.3.6). The quantity of the 77 k.Da 
immunoreactive polypeptide in C. maenas Z2 did not significantly differ between larvae 
exposed to the different treatments (Table 7.3.3.1). Nor was there any significant 
difference between treatments at Z3 (Table 7.3.3.2) nor Z4 (Table 7.3.3.3). There were 
insufficient numbers of megalopae to carry out densitometry on this stage. 
Table 7.3.3.1 One-factor analysis of variance (ANOVA) on the variations in the 77 kDa 
immunoreactive polypeptide present in C. maenas Z2 following exposure to 4-n-
nonylphenol, 17P-oestradiol and acetone ( <1 ppt). 
Source of Sum of Degrees of Mean F-Value Probability 
Variation Squares Freedom Square 
Treatment 9.57 6 1.60 1.53 >0.05 
Residuals 14.59 14 1.04 
Total 24.16 20 
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Table 7.3.3.2 One-factor analysis of variance (ANOVA) on the variations in the 77 kDa 
immunoreactive polypeptide present in C. maenas Z3 following exposure to 4-n-
nonylphenol, 17P-oestradiol and acetone (<1 ppt). 
Source of Sum of Degrees of Mean F-Value Probability 
Variation Squares Freedom Square 
Treatment 38.43 6 6.41 2.78 >0.05 
Residuals 32.28 14 2.31 
Total 70.71 20 
Table 7.3.3.3 One-factor analysis of variance (ANOVA) on the variations in the 77 kDa 
immunoreactive polypeptide present in C. maenas Z4 following exposure to 4-n-
nonylphenol, 17P-oestradiol and acetone (<1 ppt). 
Source of Sum of Degrees of Mean F-Value Probability 
Variation Squares Freedom Square 
Treatment 109.41 6 18.24 2.51 >0.05 
Residuals 101 .74 14 7.27 
Total 211.15 20 
There were no significant differences in the relative density values measured for 
the larger Vt subunit (98.6 kDa) between the nine blots for Z2-Z4 (ANOV A: F=0.48, 
d.f.=2,6, P>0.05). Nor was there a significant difference between the density values of 
the smaller Vt subunit (76.8 kDa) from the nine blots (ANOVA: F=1.23, d.f.=2,6, 
P>0.05). Therefore, although the densitometry technique is relatively insensitive, in 
comparison to the P. elegans ELISA, the method was reproducible. 
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7.3.4 Peptide Sequencing 
Carcinus maenas 
Figure 7.3.4.1 shows the polypeptide profile of the soluble protein fraction 
obtained from homogenates of C. maenas Z4 larvae. There were 3 distinct bands, 
designated Cl, C2 and C3 with approximate molecular weights of 77.5, 69.5 and 60.2 
kDa respectively. The largest polypeptide, Cl was of comparable size to the smallest 
subunit of C. maenas lipovitellin (Vt). 
Cl 
C2 
C3 
Z4 Z4 Z4 Z4 Z4 Z4 
Figure 7.3.4.1 SDS-PAGE of C. maenas Z4 homogenate indicating the three polypeptides 
(Cl-3) with molecular weights approximate to the smallest lipovitellin subunit. Ten ~g of 
total protein loaded in each lane, with l ~g of purified C. maenas lipovitellin (Vt) as 
standard. Values of molecular weight markers (ma) are presented in right margin (kDa). 
The 3 polypeptides were excised from several SDS-PAGE gels, pooled and 
transferred to PVDF membrane by Western blotting. Membranes were probed with 
antisera to C. maenas Vt which revealed that only the largest polypeptide, C 1, was 
immunoreactive (Figure 7.3.4.2). A further sample of Cl was then prepared by pooling 
excised bands from several SDS-PAGE gels and re-running on a single preparative 
7.5% SDS-PAGE gel. Figure 7.3.4.3 shows the purity of the excised polypeptide. 
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Figure 7.3.4.2 Purification and identification of an immunoreactive polypeptide present in 
the homogenate of C. maenas Z4. A; SOS-PAGE of excised band Cl (I j.lg) from C. maenas 
Z4 with molecular weight marker (ma), values presented in kDa. B; Immunoreactivity of 
band C 1 to antiserum raised against C. maenas lipovitellin ( 1 :5000). To each lane 1 )lg of 
excised C 1 was loaded with 0.25 j.lg of lipoviteUin (Vt) used as a standard. 
Cl 
Figure 7.3.4.3 SOS-PAGE of immunoreactive 77 kDa polypeptide (Cl) excised from SOS-
PAGE gels of C. maenas Z4. 
Attempts to obtain N-terminally sequence for the Cl polypeptide of C. maenas 
were unsuccessful and it was assumed that the protein was N-terminally blocked. The 
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isolated and purified Cl polypeptide was subsequently trypsin digested and fragments 
separated by HPLC with the major peaks sequenced by MALDI-TOF. The major ions 
detected in the sample were 847.5, 1819.9, 2234.2 and 2428.6 MIZ (Figure 7.3.4.4). 
Mascot-based searches (NCBinr database) failed to identify the chromatogram profile 
of the Cl polypeptide, however based on a significant Mowse score of 60 (p<0.05), the 
closest match was to cryptocyanin from Cancer magister (Mowse score: 58) 
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Figure 7.3.4.4. MALDI-TOF chromatogram of - 77 kDa immunoreactive protein (C l) 
isolated from C. maenas Z4. Arrows indicate characteristic ions. 
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Palaemon e/egans 
As with C. maenas, three polypeptides of approximately 80 kDa were revealed 
in the soluble protein profile obtained from homogenates of P. e/egans Z4 larvae. These 
3 bands, designated PI, P2 and P3, had approximate molecular weights of 86.4, 81 .2 
and 76.7 kDa respectively. The largest polypeptide, PI , was of a comparable size to 
the 84.4 kDa subunit of purified P. e/egans Vt (Figure 7.3.4.5). 
Z4 Z4 Z4 Z4 Z4 ma Vt 
20 
66 
45 
Figure 7.3.4.5 SOS-PAGE of homogenised P. e/egans Z4, indicating the three polypeptides 
(Pl -3) with molecular weights approximate to the smallest lipovitellin subunit. Ten ~g of 
total protein loaded with I ~g of purified P. e/egans lipovitellin (Vt) as standard. Values of 
molecular weight markers (ma) are presented in right margin (kDa). 
After Western blotting, only P 1 was immunoreactive to antisera raised against P. 
e/egans Vt (Figure 7.3.4.6). This immunoreactive polypeptide was approximately 86 
kDa in size (Figure 7.3.4.6A). Very faint additional bands (Figure 7.3.4.68) were 
considered to be breakdown fragments of P 1. After pooling the P 1 bands excised from a 
number of polyacrylamide gels these additional bands were also detected in the PI 
sample. The most distinct upper band was always considered to be the polypeptide of 
interest. 
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Figure 7 .3.4.6 Purification and identification of the vitellin-like immunoreactive polypeptide 
(I RP) in P. e/egans Z4. A; SOS-PAGE of excised band PI (I ~g) from P. e/egans Z4 
homogenate profile, presented with samples (5 ~g) of P. e/egans lipovitellin (Vtn) and 
apolipovitellin (Vtd). Molecular weight marker (ma) values presented in kDa. B; 
Immunoreactivity of band PI to antiserum raised against P. e/egans lipovitellin (I :5000). To 
each lane 0.5 ~g of excised PI was loaded with 2 ~g of lipo/apolipovitellin used as a 
standards. 
As with the purified Cl polypeptide from C. maenas, PI was trypsin digested 
and fragments separated by HPLC with the major peaks sequenced by MALDI-TOF. 
The mass spectra of PI consisted of characteristic ions at 890.7.5, 1381 , 1820.4 and 
1841.5 m/z (Figure 7.3.4.7). In a similar mass based search to that conducted on Cl 
(Mascot, NCBinr) the closest match (Mowse score 36, p<0.5=60) to the mass spectra of 
PI was to cytochrome oxidase, subunit 1, from the snail, Wainuia edwardi. However 
cytochrome oxidase subunit 1 has a reported mass of 15 kDa. Limiting the range of the 
database search to proteins 70-90 kDa returned cryptocyanin from Cancer magister as 
the closest match, although with a Mowse score of 33 this was considered not 
significant. A comparable Mowse score of 33 was also returned for vitellogenin from 
the cicardid, Graptopsaltria nigrofuscata (P>0.05). 
212 
l 
100 
1381.0320 
.. 
.. 
~ 70 e 
.t> l .... <ll .. 
= ~ 
.... 890.7418 
= 50 ~ 
"" 
831.7215 
t:31TI 
......... 
30 1152.8781 
.3845 2234.8237 
20 
10 
Mass (m/z) 
Figure 7.3.4.7 MALDI-TOF chromatogram of ~86 kDa immunoreactive protein (Pl) 
isolated from in P. e/egans Z4. Arrows indicate characteristic ions. 
In contrast to the polypeptide Cl identified in C. maenas, a partial N-terminus 
sequence of eight amino acids 0-A-S-N-A-Q-K-Q-{H-D} was acquired from Pl after 
transferral to PVDF and subsequent Edman degredation. Based on the eight initial 
amino acids, no homology was detected with known proteins, however inclusion of a 
further 2 amino acids, which were very close to the baseline, indicated partial homology 
( 40%) with haemocyanin. 
Despite several attempts, EDMAN degradation of individual peptides, separated 
by HPLC from the trypsin digests of Pl or Cl , was inconclusive due to insufficient 
material. 
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7.4 Discussion 
With the exception of the inhibitory affects of TBT on aromatase activity in 
molluscs and cladocerans, clear links between developmental and reproductive 
abnormalities, arising from perturbations in the endocrine system in invertebrates, have 
yet to be identified. Although perturbations in development (Nice et al., 2000; Nice et 
al., 2003), morphology (Brown et al., 1999), cellular (Wedderburn et al., 1998) and 
reproductive functions (Bechmann, 1999) have been proposed as indicative of 
endocrine disruption in marine invertebrates, no firm evidence of this mode of action 
has been obtained. 
Elevated cyprid major protein (CMP) titres, following exposure to the xeno-
oestrogen, 4-NP (Billinghurst et al., 2000), have been linked to perturbations in larval 
development and settlement (Billinghurst et al., 1998). Pechenik and Gee ( 1993 ), 
observed that delays in barnacle larval development had a deleterious effect on post-
metamorphic growth. A similar reduction in the growth rates of adult barnacles, 
continuously exposed to 4-NP from hatching, has also been reported (Billinghurst et al., 
2001). 
In insects, hexameric larval storage proteins (LSPs) provide a reserve of amino 
acids for use in protein synthesis and energy metabolism during non-feeding stages and 
particularly during metamorphosis (Telfer and Kunkel, 1991). The biochemical, 
structural and amino acid sequence similarities (45% homology) ofCMP with barnacle 
lipovitellin (Shimizu et al., 1996a) suggests a role for CMP analogous to that of a LSP. 
Prior to this investigation, the identification of CMP in the larvae of the barnacle 
B. amphitrite constituted the sole indication of the presence of LSPs in Crustacea 
(Shimizu et al., 1996b; Billinghurst et al., 2000). As with CMP, which is the same size 
as the 170 kDa subunit of B. amphitrite lipovitellin (Vt) (Shimizu et al., 1996a), both 
the immunoreactive polypeptides identified in this study were of comparable size to 
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subunits of Vt from the respective species. The 77 kDa polypeptide, immunoreactive to 
polyclonal antisera to both C. maenas Vt and apolipovitellin (VtD), was identified in all 
the larval stages of C. maenas. Levels of the immunoreactive polypeptide increased 
dramatically during the Z4 and megalopal stage, prior to metamorphosis. A similar, 
slightly larger polypeptide (86 kDa), was also identified in the larvae of P. elegans 
using antisera to P. elegans Vt and VtD. Unlike C. maenas, however, the pattern of 
expression of the vitellin-like protein in P. e/egans larvae was one of a slow decline 
over the initial stages followed by a rapid drop during the latter stages, immediately 
prior to metamorphosis. Interestingly, after metamorphosis to postlarvae the 
concentration of the 86 kDa polypeptide increased significantly to levels comparable 
with intermediate zoeal stages. 
In insects, LSPs typically appear during the latter larval instars, peaking prior to 
metamorphosis and falling dramatically thereafter (Burmester et al., 1998). A 
comparable situation occurs with CMP in barnacle larvae, where levels first increase 
during the naupliar stages and then decline during the cyprid stage, prior to 
metamorphosis (Billinghurst et al., 2000). This pattern is similar to that found for C. 
maenas larvae, although the expression of the 86 kDa immunoreactive polypeptide in P. 
elegans larvae is inconsistent with its proposed role as a LSP. Difficulties in culturing 
C. maenas larvae past the megalopa to the juvenile crab meant that it was not possible 
to determine whether the protein was utilised during metamorphosis, as was found for 
barnacles (Shimizu et al., 1996b ). 
The ELISA, to quantify vitellin-like proteins in P. elegans, was adapted from an 
ELISA previously developed to investigate vitellogenin in the haemolymph of 
Cal/inectes sapidus (Lee and Wa~on, 1994) and subsequently C. maenas (Allen et al., 
2002). A similar ELISA has been used to investigate Vt in barnacle homogenates 
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(Billinghurst, unpublished). In all three studies, standard curves were linear and intra-
and inter-assay variation was comparable to this study. 
Exposure to E2 and 4-NP had contrasting effects on the expression of the 
vitellin-like protein in P. elegans larvae. Relatively high concentrations of E2 
significantly reduced expression of the protein, while 4-NP produced a concentration-
independent increase. The lowest concentration tested, 0.2J.Lg L" 1 4-NP, exerted the most 
consistent stimulatory effect. A concentration-independent upregulation of CMP, was 
also observed in barnacle larvae exposed to 4-NP at 0.01-1.0 J.lg L"1 (Billinghurst et al., 
2000). In contrast to the present study, however, upregulation of CMP was also 
observed in barnacle larvae exposed to E2 at 1.0 J.LgL"1• It is, therefore, unlikely that the 
oestrogenic properties of 4-NP are solely responsible for the upregulation of the vitellin-
like protein in P. elegans larvae. Changes in the titres of the vitellin-like protein 
following exposure to 4-NP and E2 may instead indicate disruption of metabolic 
pathways involved with proteolytic enzyme synthesis or inhibition of enzyme action. 
The significant reduction in the levels of the vitellin-like protein in P. elegans larvae 
· exposed to high concentration of E2 may reflect a stimulatory role on these processes. 
The ELISA developed for quantifying vitellin-like proteins in P. elegans was 
found to be unsuitable for this purpose with C. maenas larvae. Although a standard 
curve could be generated using an antiserum to C. maenas VtD, anomalous results were 
obtained using serial dilutions of C. maenas larval homogenates. During the 
development of a similar ELISA to quantify vitellogenin (Vtg) in English sole 
(Pieuronectes vetulus), Lomax et al. (1998) noted non-specific binding of a Vtg 
polyclonal antibody to male serum proteins in the absence of Vtg. Incubation of the 
antiserum with the male serum alleviated the problem. A similar approach could not be 
used in the current study due to the presence of the 77 kDa polypeptide in all larval 
stages. It is possible that free radicals in homogenates of C. maenas larvae reacted with 
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the peroxidase substrate. Alternatively, components of the homogenates may be 
inhibiting the peroxidase enzymes. Although the activity of enzymatic antioxidant 
systems (such as catalase, superoxide dismutase, glutathione peroxidases, glutathione S-
transferase and glutathione reductase) have been studied in adult decapods (Mourente 
and Diaz-Salvago, 1999; James et al., 1998; Olsen et al., 200 I; Gowland et al., 2002), 
there is no information available regarding the activity of detoxification enzymes in 
crustacean larvae. Further assessment of the natural reducing ability of larvae is 
therefore required and may provide an explanation for the difficulties encountered in 
applying the ELISA to C. maenas larvae. Excess substrate loading, leading to a 
continuous enzyme reaction and incorrect sample buffering, producing an inhibition of 
either reaction initiation or peroxidase activity, may also have been contributing factors 
(R. Handy, UoP, pers. corn.). Due to time constraints, it was not possible to investigate 
these parameters during the course of the present study. 
As an alternative approach, the effects of 4-NP and E2 exposure on the 
expression of the 77 · kDa polypeptide in C. maenas larvae was investigated using 
densitometry. This technique was not as sensitive as the ELISA used to assess the 
vitellin-like protein levels in P. elegans, however, a similar technique was used to 
identify significant variations in the levels of CMP in barnacles (Billinghurst et al., 
2000). In the current study, no significant differences were observed in the levels of the 
77 kDa polypeptide between exposed and control larvae. These results suggest that 
exposure of C. maenas larvae to E2 and 4-NP, at environmentally realistic 
concentrations, has no effect on the levels of the 77 kDa polypeptide. However, it 
remains possible that any disturbances brought about by exposure were too small to be 
detected using densitometry. 
Development of alternative ELISA protocols such as direct, sandwich 
(Shimomura et al., 2001) or competitive (Fenske et al., 2001) may prove more 
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successful in quantifying the vitellin-like proteins in C. maenas larvae. Increasing the 
sensitivity of the current ELISA may also permit detection of more subtle effects on 
expression arising from exposure to alternative xeno-biotics. Roubal et al. (1997), for 
example, developed a very sensitive ELISA by incorporating an Avidin-Biotin 
amplification step (ABC, Vectastain). It was noted during the current study, however, 
that the ABC system reacted directly with larval homogenates, in the absence of a 
primary antiserum, and consequently a similar approach would require further 
development. 
The 77 kDa and 86 kDa immunoreactive polypeptides identified in C. maenas 
and P. elegans larvae respectively, were comparable in size to subunits of insect 
hexamerins, which are typically 70-90 kDa in mass (Telfer and Kunkel, 1991 ), and were . 
initially thought to be LSPs. However, hexarnerins belong to a large arthropod protein 
family, which includes haemocyanin (Beintema et al., 1994). MALDI-TOF analysis of 
the structure of the polypeptides from P. elegans and C. maenas indicated that both 
showed a high degree of similarity with the 75 kDa subunit of the moult-related protein, 
cryptocyanin (Terwilliger et al., 1999). Cryptocyanin is a hormonally-regulated 
moulting protein, identified in Cancer magister; the titres of which increase during 
premoult and are absent from the baemolymph during the intermoult period. 
Furthermore, cryptocyanin displays sequence similarities with haemocyanin, although 
as with insect bexamerins, cryptocyanin lacks the copper binding site of haemocyanin 
(Terwilliger et al., 1999). It has been postulated that insect hexamerins are relics of a 
precursor haemocyanin molecule, or a degenerate form of it, which due to the evolution 
of a tracheal system in insects is no longer required to function as an oxygen carrier 
(Terwilliger et al., 1999). It is possible that barnacle CMP is also derived from this 
common ancestral molecule. A partial amino acid sequence, obtained from the 86 kDa 
polypeptide in P. elegans larvae by Edman degradation (data not presented) in the 
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present study also showed a certain degree of homology with haemocyanin from the 
crab Cal/inectes sapidus (Brouwer et al., 2002). Consequently, if crustacean 
cryptocyanin, haemocyanin and storage hexamerins (incuding CMP) have a common 
ancestral molecule, this may explain the immunogenic similarities of both CMP and 
cryptocyanin to Vt. 
As previously discussed (see chapter 3), a polyclonal antibody raised against P. 
elegans VtD gave a much stronger reaction than antiserum to P. elegans Vt in Western 
blots. The same was true for the corresponding ELISA. Since Vt is a lipoglycoprotein 
and cryptocyanin a glycoprotein (Terwilliger et al., 1999), it is possible that the lipid 
associated with Vt may mask epitopes common to Vt and cryptocyanin. This may 
explain the poor recognition of the immunoreactive polypeptides in both species using 
antisera to Vt, in comparison to antisera to VtD. It is therefore possible that the antisera 
produced in this study against both forms of vitellin, from both species, recognised 
conserved epitopes between LSPs (hexamerins) and cryptocyanin. 
Variations in the effects of the high concentration of E2 and the low treatment of 
4-NP on the different larval stages made concentration-dependent effects difficult to 
assess. The immunological similarities between the putative hexameric protein, CMP 
and barnacle Vt, combined with the structural similarities between hexamerins, 
haemocyanins and cryptocyanin suggest that the immunoreactive polypeptides 
identified in this study are more likely to be components or analogues of cryptocyanin. 
Limitations in identifying the exact structure and amino acid sequence of the 
immunoreactive polypeptides from either species prevented conclusive evidence for 
their role or function. While it is likely that the polypeptides are closely related to 
cryptocyanin, ongoing analysis by ESI-MS is aimed at confinning this. 
There is currently very little information relating to the regulation and synthesis 
of cryptocyanin and even less on its role in the moulting process of crustaceans 
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(Terwilliger, 1999; Terwilliger et al., 1999; Bunnester, 2001; Bunnester, 2002). 
Compared with the relatively rapid development of P. e/egans larvae, C.maenas larvae 
may require successiv.ely greater concentrations of cryptocyanin during development 
due to their longer intermoult periods and reduced number of larval stages. Such a 
mechanism could explain the differences in the ontogenic profiles of the 
immunoreactive polypeptides between the two species. 
Overall, the ecological effects of variations in the titres of the vitellin-like 
proteins in P. elegans and C. maenas arising from exposure to xeno-oestrogens were 
equivocal. It remains to be seen if the fluctuations in the vitellin-like proteins of P. 
elegans larvae, attributed to exposure to 4-NP and E2, are within the natural 
physiological range of the larvae. Furthermore, if the immunoreactive polypeptides, 
observed in this study, are related to cryptocyanin and involved in moulting, then any 
disruption caused by exposure to xeno-oestrogens appears to have little overall effect on 
larval development (Chapter 6). Further studies are therefore required to clarify the 
regulation and role of the vitellin-like proteins in P. elegans and C. maenas larvae 
identified in this study. 
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8 Vitellogenin Induction as a Biomarker in Crustacea 
8.1 Introduction 
When challenged by exogenous oestrogens, either by injection or aqueous 
exposure, vitellogenin (Vtg) has been detected in the blood of male flounder, 
Platichthus fie sus (V erslycke et al., 2002b ), Atlantic salmon, Salmo salar (Christensen 
et al., 1999), Channel catfish, /ctalurus punctatus (Nimrod and Benson, 1996b) and 
fathead minnows, Pimephales promelas (Arukwe, 2000; Korte et al., 2000). Similar 
Vtg induction in male fish has also been observed on exposure to bisphenol A 
(Christiansen et al., 2000), methoxychlor (Hemmer et al., 2001 ), nonylphenol 
ethoxylates (Hemmer et al., 2001; Tabata et al., 2001) and 4-n-nonylphenol (Arukwe et 
al., 1998; Christensen et al., 1999). 
Vtg induction in fish has been widely used as a biomarker of oestrogenic 
exposure in river and estuarine environments (Harries et al., 1997; Alien et al., 1999a; 
Matthiessen et al., 2002). In the United Kingdom, Vtg induction has been reported in 
male flounder (Platichthys jlesus) sampled in the Tyne, Tees, Clyde and Mersey 
estuaries (Alien et al., 1999a; Lye et al., 1999; Alien et al., 2002). In contrast Alien et 
al. (1999a) found that flounder sampled in the Tamar estuary had no significant Vtg 
present in the blood, despite this estuary receiving high levels of agricultural waste. 
Using this biomarker, U.K estuaries can be ordered for oestrogenic contaminants as: 
Tees>Mersey>Tyne>Ciyde>Tamar (Alien et al., 2002). 
In freshwater environments ecotoxicological monitoring and evaluation 
assessments have been partially addressed by incorporating the effects of endocrine 
disrupting chemicals on Daphnia magna into monitoring programmes (Bald win et al., 
1995; Oberdorster et al., 1998c; Barata et al., 2002). However, few studies have been 
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conducted on marine invertebrates to examine the acute toxic effects of anthropogenic 
chemicals or their influence on endocrine functions. This is in part due to the lack of 
recognition of the invertebrate phyla as a key component of all ecosystems and in part 
due to the paucity of knowledge relating to the physiology and endocrinology of many 
of the invertebrate phyla (Depledge and Billinghurst, 1999). 
In contrast to vertebrates, Vtg is not confined to the haemo1ymph of 
invertebrates. Vitellogenesis in bivalve molluscs can occur in the ovary as reported for 
Mytilus edulis (Pipe, 1987) or via autosynthesis and heterosynthesis as proposed for 
Crassostrea virginica (Eckelbarger and Davis, 1996). Exposure to the natural oestrogen 
17~-oestradiol (E2) promotes the production of lipovitellin (Vt) in the ovary of 
Crassostrea gig as (Li et al., 1998), whilst Vtg was observed in the ovary of Elliptio 
comp/anata (Won et al., 1999). Exposure of Mytilus edulis and Anodonta cygnea to E2 , 
however, did not upregulate expression of Vtg-like proteins in the haemolymph 
(Riffeser and Hock, 2002). Consequently, endogenous production of ovarian Vtg in 
bivalve molluscs results in an absence of Vtg in the haemolymph for use as a biomarker 
of xenobiotic exposure. 
A further example of the difficulties in using Vtg induction as an indicator of 
xeno-oestrogen exposure in invertebrates per se, is that relatively high quantities of Vtg 
have been observed in both male and female sea urchins under natural conditions (Shyu 
et al., 1986). It is therefore necessary in studies investigating Vtg induction in 
invertebrates, to ensure that extra-ovarian synthesis of Vtg occurs in the species of 
interest. To date marine invertebrate endocrinology is best understood for malacostracan 
crustaceans, particularly the decapods. 
Vitellogenesis in crustaceans is controlled by neuropeptides (Beltz, 1988), 
biogenic amines, ecdysteroids and the putative juvenile hormone, methyl farnesoate 
(Charniaux-Cotton, 1985). Additionally, fluctuating titres of the steroidal hormones, 
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17~-oestradiol and progesterone observed in the mud cmb (Scylla serrata) and the 
lobster (Homarus americanus), suggest that they may play a role in vitellogenesis 
(Couch et al., 1981; Warrier et al., 2001). In most crustaceans, Vtg is believed to be 
synthesised in the hepatopancreas and secreted into the haemolymph where it is 
transported to the developing oocytes (Wilder et al., 2002). The presence of Vtg in the 
haemolymph of mature females has previously been reported for several species of crab 
including Callinectes sapidus (Spaziani and Wang, 1991) and Carcinus maenas 
(Andrieux et al., 1986). Vtg has also been identified in the haemolymph of a variety of 
mature female pmwns including Penaeus monodon (Chang et al., 1994; Longyant et al., 
2000), P. semisulcatus (Shafir et al., 1992a), P. japonicus (Jasmani et al., 2000) and 
Macrobrachium rosenbergii (Chang et al., 1993b). 
Previous immunological studies investigating Vtg induction in invertebmtes 
have used either monoclonal or polyclonal antisem raised against Vt purified from 
either the ovary or eggs. (Tom et al., 1987; Chang, Shih et al., 1993b; Qiu et al., 1997). 
Spaziani et al. (1995) reported that the apoprotein of Vt is not immunologically 
dissimilar to apoproteins present in the haemolymph of male Cancer antennarius. 
Consequently, where antisera to lipoproteins are used to investigate Vtg induction in 
invertebrates, the results may be erroneous. This may explain the inability of recent 
studies, which have used antisem raised against Vt, to identify Vtg in the haemolymph 
of male Crustacea (Alien et al., 2002). 
Despite the widespread use of Vtg induction as a biomarker of oestrogen 
exposure in fish, there is currently no evidence to indicate that such induction in male 
Crustacea is physiologically possible. Both conjugated and unconjugated steroids, 
including oestrogens, have been identified in the haemolymph of male prawns, although 
their functional role in either males of females has yet to be determined. In a study by 
Oberdorster et al. (2000), it was reported that a six-week exposure of the pmwn 
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Palaemonetes pugio, to pyrene was sufficient to upregulate the synthesis of Vtg in 
females. There is no evidence of the same effect in males. 
The aim of the present study was to detennine whether Vtg induction occurs in 
C. maenas males following exposure to environmentally realistic concentrations of 
methoxychlor, quercetin, di-(2-ethylhexyl) phthalate (DEHP) and 4-n-nonylphenol (4-
NP) in the laboratory. Methoxychlor is an organochlorine insecticide used in agriculture 
(Tomlin, 1994) and is a proven oestrogenic in mammals (Laws et al., 2000). Likewise 
this insecticide is capable of inducing Vtg synthesis in fish (Nimrod and Benson, 1996b; 
Hemmer et al., 2001 ). Quercetin is a naturally occurring phyto-oestrogen which, while a 
mutagen in mammalian cells, does not appear to act directly on the oestrogen receptor 
but may impair gene transcription resulting in an anti-oestrogenic action (Miodini et al., 
1999). Phthalate esters are widely used in adhesives, inks, pesticides and as plasticizers. 
They have been reported to have differing actions dependant on their structure. Dialkyl-
phthalates have been implicated as xeno-oestrogens (Nakai et al., 1999) while DEHP 
has been proposed as a contributing factor in causing thelarche (Colon et al., 2000). 
Nonylphenol has been shown to have numerous detrimental effects on the endocrine 
functions of several invertebrates (Comber et al., 1993; Zou and Fingerman, l997a; 
Bechmann, 1999) (see chapter 5). 
This study also sought to detennine whether Vtg might serve as a biomarker of 
endocrine disruption in the field as well as the laboratory. Accordingly, crabs were 
sampled from locations where Vtg induction, arising from exposure to xeno-oestrogens, 
had previously been identified in fish. As well as the C. maenas study, haemolymph 
from adult male and female Palaemon elegans, which had been continuously exposed to 
environmentally realistic concentrations of 4-NP from hatching, were assayed for Vtg. 
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8.2 Methods 
8.2.1 Field Trial 
Carcinus maenas were collected from the intertidal zone of 5 contaminated sites 
and a control site at Arisaig within the U.K. (Figure 8.2. 1.1 ). Sample sites are presented 
in Figures 8.2.1.2-8.2.1. 7. Sample sites in the Clyde (Figure 8.2.1.4), Mersey (Figure 
8.2.1.5), Tyne (Figure 8.2.1.6) and Tees (Figure 8.2.1.1) were selected based on pollution 
information provided by the Centre for Environmental, Fisheries and Aquaculture 
Sciences (CEF AS) obtained during the Endocrine Disruption in the Marine environment 
programme (EDMAR) (Alien et al., 2002). 
Sample site location was matched as closely as possible to the GPS co-ordinates 
provided by CEFAS (Table 8.2.1.1). The site in the Tamar (Figure 8.2.1.3) was not 
sampled by the EDMAR programme, but was selected due to the extensive agricultural 
runoff from this river in contrast to the mainly industrial effluent discharged into the 
other rivers. The site at Arisaig in Scotland was selected as the control "pristine" site 
due to its distance from known anthropogenic inputs (Figure 8.2. 1.2). 
Table 8.2.1.1 Global positioning system (GPS) co-ordinates of sites where C. maenas 
were collected, presented with co-ordinates provided by CEF AS. 
SITE SAMPLE DATE GPS GPS This study CEFAS 
Tyne 01 /07/2002 55° 00.84' N 54° 59.3' N 01 ° 25.48 ' w 01 ° 28.4' w 
Tees 02/07/2002 54o 37.99' N 54° 36.9' N 01 ° 10.39' w 01 ° 09.1' w 
Arisaig 09/07/2002 56° 53.95' N NIA 05° 53.70' w 
Clyde 10/07/2002 55° 55.81' N 55° 55.7' N 04° 29.53' w 04° 29.3' w 
Mersey 26/07/2002 53° 19.76' N 53° 20.4' N 02° 57.32' w 02° 57.5' w 
Tamar 27/07/2002 50° 24.36' N NIA 04° 12.41' w 
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Tyne - Black Middens 
Figure 8.2. 1.1 Location of sample sites for field survey (open circles) presented wi th 
corresponding survey sites for the EDMA R progranune (filled circles) 
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Figure 8.2.1.2 Sample Site at Arisaig with numerous gullies (insert) 
Figure 8.2. 1.3 Sample site at Tamar Bridge looking upstream, insert view - downstream 
Figure 8.2. 1.4 Sample site at Bowling on the Clyde (insert) adjacent to a marina with heavy oil 
pollution 
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Figure 8.2.1 .5 Sample site at Eastham Sands in the Mersey estuary looking downstream, insert 
view - downstream 
Figure 8.2.1.6 Sample site at Black Middens in the Tyne estuary main view upstream, insert 
view - downstream to estuary mouth. 
- -_ .._ 
. - - ~ . ' 
Figure 8.2. 1.7 Sample site at North Gare Sands in the Tees estuary looking downstream note the 
zinc works in the distance. lnsert view - upstream showing power station. 
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Approximately I 0 female and 50 male crabs (Figure 8.2.1.8) were collected 
from each of the polluted sites and in excess of I 00 males and 20 females were 
collected from the control site at Arisaig and returned to the laboratory. Individuals with 
a total carapace width of less than 35 mm, as recorded with Vernier callipers, were 
returned (Figure 8.2.1.9). The wet weight and total carapace width of the remaining 
individuals was recorded. 
Figure 8.2.1.8 Ventral view of female (A) and male (B) C. maenas adults 
Figure 8.2. 1.9 Dorsal view of C. maenas female illustrating maximum 
width of carapace at point of measuring 
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For each of the polluted sites, haemolymph samples were taken from 30 healthy 
males covering a representative range of sizes. Haemolymph was obtained from the 
coxal joint using a I m1 syringe which had been pre-rinsed in 1% EDT A. To each 
sample, EDT A (0.1 %), sodium azide (0.01 %) and gentamycin sulphate (0.001 %) were 
added prior to centrifuging at 10 000 g for 30 min (Spaziani et al., 1995). The 
supematant was then removed and stored at -80°C until required. After haemolymph 
sampling, the crabs were sacrificed and stored at -20°C. Additional haemolymph 
samples were taken from 60 male and 6 female crabs collected at Arisaig. After 
sampling, the crabs were permitted to recover for 5 days in clean filtered seawater prior 
to use in a laboratory-based exposure trial. 
Haemolymph samples, from individual crabs at each location, were aspirated 
onto nitrocellulose membrane using a dot blotting technique (Chapter 2). Haemolymph 
from 4 female crabs, in the latter stages of secondary vitellogenesis, was sampled and 
pooled. A known quantity of pooled female haemolymph was transferred to each blot as 
a positive control. Purified lipovitellin (Vt) (0.1 Jlg) was also added to each blot as a 
calibration standard. Each sample was assayed in triplicate. Each of dot blots was 
incubated in antiserum raised against C. maenas Vt. 
In conjunction with the haemolymph samples taken from individual crabs, sub-
samples from each of the male crabs were pooled. Half the protein from each of the 
pooled samples was delipidated (see chapter 3). Both the native and delipidated portion 
of the pooled sample from all the sites was resolved by SDS-P AGE and transferred to 
PVDF membrane. Blotted membranes were immunostained using antisera raised against 
C. maenas Vt and apolipovitellin (VtD). Where positive results were detected using 
pooled haemolymph, haemolymph from individual males was screened again using the 
dot blotting technique using antiserum raised against V tO. 
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8.2.2 Chronic Exposure of C. maenas Adults 
Fifty four crabs collected from the control site at Arisaig, from which 
haemolymph had previously been extracted, were equally distributed between 9 glass 
aquarium tanks. The crabs were of similar size range (35-85 mm) and representative of 
the size distribution at Arisaig. 
The nine tanks, with six crabs in each, contained 20 L of UV irradiated, filtered 
(lJJ.m) seawater and were apportioned as follows: 2 controls; 3 pairs of treatments- a 
high or low concentration (relative to environmental levels) of methoxychlor (MC) 
(Figure 8.2.2.1 ), di-ethyl hexyl phthalate (DEHP) (Figure 8.2.2.2), or 4-n-nonylphenol 
(4-NP) (Figure 8.2.2.4) and a single concentration of quercetin (Figure 8.2.2.3). The 
nominal concentrations each tank received are presented in Table 8.2.2 .1. 
Table 8.2.2.1 Nominal concentrations of treatments for C. maenas chronic exposure trial, 
presented with product supplier and purity information. * denotes DMSO used as a carrier 
solvent, final concentration < I ppt. 
Tank Treatment Concentration Supplier,(cat.No.) and Purity{} 
I Control + < l ppt 
DMSO Sigma-Aldrich 
2 Control + < 1 ppt (D5879) {>99%} 
DMSO 
3 DEHP - LOW 0.19 JJ.g L-1· S igma-Aldrich 
4 DEHP - IDGH 0.62 IJ.g L-•· (D20,115-4) {99%} 
5 4-NP- LOW lJJ.gL_1• Lancaster Chemicals U.K. 
6 4-NP- HIGH 5.2 11g L-1• (203-199-4) {>98%} 
7 MC -LOW l.lJJ.gL_1• Sigma-Aldrich 
8 MC -HIGH 5.6 11g L-1• (M-1501) {95%} 
9 Quercetin 2.5JJ.g L-1• Sigma-Aldrich (Q 0125){98%} 
The tanks received a complete water change every 2 days, at which time test chemicals 
were added. DMSO was used as the carrier solvent for all the chemicals (though DEHP 
was water soluble). The two control tanks contained DMSO at 5JJ.l L-1• The tanks were 
maintained at 15°C (±1 °C) and lit by overhead fluorescent lights on an ambient square 
wave pattern (15L: 9D). Crabs were fed every 2 days, prior to a water change, with 
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Mytilus edulis tissue collected from the Shetland Isles; a "pristine" location. Aeration 
was provided via glass tubing. After 6 weeks exposme, haemolymph samples were 
taken and screened for the presence of vitellogenin. 
H 
Figme 8.2.2.1 Chemical structme of methoxychlor 
H 
Figme 8.2.2.2 Chemical structme of DEHP 
OH 
OH 
HO 
OH 0 
Figure 8.2.2.3 Chemical structille of quercetin 
Figure 8.2.2.4 Chemical structme of 4-n-nonylphenol 
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8.2.3 Chronic exposure of Palaemon e/egans Adults 
Haemolymph samples were taken from P. elegans adults which had been exposed 
to 4-NP (0.2, 2, 20 IJg L-1 4-NP) or 17P-oestradiol (E2) (0.2, 20 IJg L-1 E2), from 
hatching (see Chapter 6). The samples were aspirated onto nitrocellulose membrane, as 
for C. maenas haemolymph, and immunostained using a polyclonal antiserum to P. 
elegans Vt. 
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8.3 Results 
8.3 .I Field Trial 
The size distribution of crabs collected from each of the sample sites is 
presented in Figure 8.3.1.1. In order to screen male cmbs for vitellogenin (Vtg) 
induction, only sexually mature individuals were sampled. Although the sampling 
strategy was biased towards crabs with a carapace width greater than 35 mm, it is clear 
that there were differences in the size of the crabs collected from each site. In part this 
reflected differences in the environments where sampling occurred. The sample sites at 
Arisaig and in the Tamar and Tyne estuaries were predominately rocky shores, with 
rock pools and macroalgal growth. At these locations, samplt? collection was relatively 
easy and it was possible to collect a wide range of sizes (Figure 8.3.1.1 ). In contrast, the 
sites in the Mersey and Clyde estuaries were sheltered mud flats with little plant growth. 
Cmbs at these locations were relatively small. The Tees site was a relatively sandy 
beach, where individuals were sampled from amongst the rocks of a breakwater. 
Consequently the size distribution of animals collected from the Mersey, Tees and 
Clyde was skewed towards the individuals with campace widths less than 50 mm. 
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Figure 8.3.1.1 Size distribution of sexually mature C. maenas (carapace width >35 mm) 
sampled from: A, Arisaig (n=60); B, Clyde (n=30); C, Mersey (n=30); D, Tamar (n=30); E, 
Tees (n=30); F, Tyne (n=30). 
Screening haemolymph for Vtg with lipovitellin antiserum 
In order to optimise the dot blot assay, serial dilutions of purified Lipovitellin 
(Vt) from C. maenas were blotted onto nitrocellulose membranes and incubated in 
different ratios of antiserum to C. maenas Vt (Figure 8.3.1 .2). The optical density 
profiles of the immunoreaction indicated that saturation occurred at Vt concentrations 
greater than 0.1 1-1g (Figure 8.3.1.3). Saturation occurred at all three concentrations of 
antiserum with a linear relationship up to 0.1 1-1g. 
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Excessively high binding of the antiserum to baemolymph from a vitellogenic 
female was also observed at antiserum ratios below 1:5000 (Figure 8.3.1.2). At the 
highest ratio of 1 :2500, non specific binding of the antiserum to male haemolymph 
proteins was observed. The reactivity to male haemolymph was greater than to female 
haemolymph at the I :2500 ratio. The response was, however, relatively constant 
regardless of the haemolymph protein concentration present (Figure 8.3.1.3). By 
reducing the antiserum concentration from 1 :2500 to 1:10 000, the reactivity of male 
haemolympb was reduced to below that observed for female baemolymph (Figure 
8.3.1.4). 
Vt Vt 
(a) (b) 
Vt 
(c) 
1 pg 
0.5 pg 
0.25 pg 
0.1 pg 
0.05 pg 
0.025 pg 
0.01 pg 
Blank 
Figure 8.3.1 .2 Dot blots of serial dilutions of purified lipovitellin and haemolymph from 
male (c3') and female(~) C. maenas incubated in antiserum to lipovitellin at: (a) I :2500; (b) 
I :5000 and (c) I: lOOOO. Spots were visualised with BCIP/NBT. 
Immunoreactivity with female haemolymph protein and purified lipovitellin (Vt) 
was linear in the concentration range 0.01-0.1 J.tg. Correcting for background staining 
and allowing for 2 standard deviations greater than the mean blank value (n= 15), the 
limit of detection for this assay was calculated as 0.042 J.tg of Vt. 
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Figure 8.3.1.3 Optical density of serial dilutions of purified C. maenas lipovitellin and 
haemolymph from males and females incubated in antiserum to lipovitellin at I :2500. 
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Figure 8.3.1.4 Optical density of serial dilutions ofpurified C. maenas lipovitellin and 
haemolymph from males and females incubated in antiserum to lipovitell in at I: 1 0 000. 
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Figure 8.3.1.5 Arisaig C. maenas: Dot blot of haemolymph samples; 1 f..l8 of haemolymph 
protein per spot. Additionally 1.0 f..l8 of haemolymph protein from a vitellogenic female (~) 
and 0.1 f..l8 of purified lipovitellin (Vt) provided as standards. Each sample was replicated in 
triplicate. The blot was incubated in antiserum to C. maenas lipovitellin at I: I 0000 and 
visualised with BCIP/NBT. 
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Samples of haemolymph were taken from 60 male crabs collected from the 
control site at Arisaig. The samples were blotted onto nitrocellulose membrane and 
incubated with polyclonal antiserum to C. maenas Vt at 1:10 000 dilution (Figure 
8.3.1.5). Using the standard curve, Vtg concentrations were found in all cases to be less 
than the detection limit of0.042 Jlg Vt equivalents (Figure 8.3.1.6). 
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Sample number 
Figure 8.3.1.6 Arisaig C. maenas: Mean (± SE) vitellogenin levels (vitellin equivalents) 
determined by dot blots using lipovitellin antiserum. (Vt), vitellin standard (0.1 ~g); (F), 
haemolymph from vitellogenic female (0.5 ~g). Dotted line indicates limit of detection. 
Dot blots of the haemolymph samples taken from 30 male crabs at each of the 
sample sites revealed comparable results (--0.0 15-0.02 Jlg Vt I Jlg of haemolymph 
protein) to samples from Arisaig, i.e. levels were below the limit of detection (data not 
shown). Although Vtg was not detected in male haemolymph, the positive control 
(0.5Jlg female haemolymph protein) registered 0.05Jlg of Vt, i.e. 0.1 11g Vt/Jlg 
haemolymph protein. This value represents around 10% of the total haemolymph 
protein. 
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Screening haemolymph for Vtg using apolipovitellin antiserum 
Haemolymph for each site was pooled, a subsample delipidated, and both native 
and delipidated samples subjected to SOS-PAGE (Figure 8.3.1.7 & Figure 8.3.1.8). 
There was little difference between the polypeptide profiles of samples in their native or 
delipidated fonns except for slight differences in the definition of bands arising from the 
removal of the lipid fraction. All the samples contained major polypeptides around 205 
and 11 0 kDa to varying degrees. 
1 2 3 4 5 6 7 8 9 10 
205 
66 
Figure 8.3.1.7 SDS-PAGE (7.5%) of pooled (n=5) native and delipidated haemolymph 
samples from male and female crabs. The crabs were collected from Arisaig, Clyde, Mersey 
and Tarnar. Lane I: Purified lipovitellin; 2: Arisaig ~(native); 3: Arisaig 9 (delipidated); 4: 
Arisaig r3 (native); 5: Arisaig r3(delipidated); 6: Clyde r3(native); 7: Clyde r3(delipidated); 8: 
Mersey r3(native); 9: Mersey r3(delipidated); I 0: Tarnar r3(native); 11 : Tarnar 
r3(delipidated); rna: molecular weight marker (values in right margin in kDa). To each lane 
I 0 ).lg of total protein was applied except for lipovitellin standard (0.5 ).lg) 
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The majority of the polypeptides in the haemolymph of both males and females 
were around 70-80 kDa (Figure 8.3.1.7 & Figure 8.3.1.8). Following transfer of proteins 
to PVDF membrane, Western blots were probed with polyclonal antisera to either 
lipovitellin or apolipovitellin. Pooled haemolymph from Arisaig females had a distinct 
band ~ 100 kDa, which was similar in size to subunits of C. maenas lipovitellin (Vt). 
205 
116 
97.4 
66 
45 
29 
ma 1 2 3 4 5 6 7 8 9 
Figure 8.3.1.8 SOS-PAGE (7.5%) of pooled (n=5) native and delipidated haemolymph 
samples from male and female crabs. The crabs were collected from Arisaig, Tees, and 
Tyne. Lane I: Arisaig o (native); 2: Arisaig o (delipidated); 3: Tees o (native); 4: Tees 
o (delipidated); 5: Tyne o (native); 6: Tyne o (delipidated); 7: Arisaig ~(native); 8: Arisaig 
~(delipidated); 9: Purified lipovitellin; ma: molecular weight marker (values in left margin 
in kDa). To each lane I 0 J.lg of total protein was applied except for lipovitellin standard (0.5 
J.lg) 
Western blots probed with Vt antiserum revealed a single 74 kDa 
immunoreactive band in samples from the Clyde (Figure 8.3.1.9) and Tyne (Figure 
8.3.1.1 0), but no immunoreactive products in haemolymph from crabs collected in the 
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Mersey, Tamar or Tees estuaries and at Arisaig. The 74 kDa band (Table 8.3.1.1) was 
similar in size to the smaller ofthe 2 Vt subunits (Table 3.3.2.1) 
Figure 8.3.1.9 1mmunob1ot of pooled (n=5) native and delipidated haemolymph samples 
from male and female crabs. The crabs were collected from Arisaig, Clyde, Mersey and 
Tamar. Lane I: Arisaig a (native); 2: Arisaig a (delipidated); 3: Clyde a (native); 4: Clyde 
a (delipidated); 5: Mersey a (native); 6: Mersey a (delipidated); 7: Tamar a (native); 8: 
Tarnar a (delipidated); 9: Arisaig ~ (native); I 0: Arisaig ~(delipidated); Lane 11: Purified 
lipovitellin. Each lane contained 1 0 J.l8 of total protein except for lipovitellin standard (0.5 
).lg). Blot incubated in antiserum raised against C. maenas lipovitellin I: I 0 000 and 
visualised with BCIP/NBT 
Table 8.3.1.1 Molecular weights (kDa) of immunoreactive polypeptides, detected in 
haemolymph of C. maenas, sampled from Arisaig, Tees, Tyne, Clyde, Mersey and 
Tamar when probed with antiserum raised to C. maenas lipovitellin. Control sample 
taken from a vitellogenic female. Comparisons based on 2% tolerance. 
Site Arisaig Tees Tvne Cl 'de Mersey Tamar Control 
N D N D N D N D N D N D N D Vt 
0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ 
Band 
I 166.6 166.7 
2 98.1 99.6 98.6 
3 74.4 74.0 73.8 73.6 73.8 76.1 76.8 
4 56.1 56.4 
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+--Band 1 
Figure 8.3.1.1 0 lmmunoblot of pooled (n=5) native and delipidated haemolymph samples 
from male and female crabs. The crabs were collected from Arisaig, Tees, and Tyne. Lane I: 
molecular marker; 2: Arisaig d'(native); 3: Arisaig d'(delipidated); 4: Tees d'(native); 5: Tees 
6 (delipidated); 6: Tyne d'(native); 7: Tyne d'(delipidated); 8&9: Arisaig ~(native); 10: 
Arisaig ~(delipidated); 11 : Purified lipovitellin. Each lane contained I 0 J.lg of total protein 
except for lane 9 (5 J.lg) and lipovitellin standard (0.5 J.lg). Blot incubated in antiserum raised 
against C. maenas lipovitellin I: I 0 000 and visualised with BCIP/NBT 
The Western blots probed with the polyclonal antiserum to VtD, unlike those 
probed with antiserum to Vt, detected immunoreactive product, i.e. all male crabs from 
all sites. The reaction was weak for haemolymph from crabs collected at Arisaig, the 
Tamar, the Mersey and the Tees but comparatively strong for the Clyde and Tyne crabs 
(Figure 8.3.1.11 & Figure 8.3.1.12). 
In support of the results obtained with antisera to Vt, all the immunoreactive 
polypeptides identified in samples from Arisaig, the Clyde, the Mersey and the Tamar 
using antisera to VtD were of comparable size to the smaller subunit of Vt (Table 
8.3.1.2). Antiserum to VtD, identified polypeptides (- 76 kDa), comparable in size to the 
smaller subunit of C. maenas Vt, in haemolymph of crabs from both the Tyne and the 
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Tees which were not identified by Vt antiserum (8.3.1.12). The additional band detected 
in samples from the Tyne, however, was approximately 1 00 kDa and similar in size to 
the larger Vt subunit (Table 8.3.1.1 ). 
Four immunoreactive polypeptides were identified in the native and delipidated 
haemolymph samples from Arisaig females (Figure 8.3 .1. 9 & Figure 8.3 .1. 10). Two of 
the bands, of around 98 and 76 kDa, corresponded in size to the two primary subunits of 
Vt. Additional bands of approximately 160 kDa and 56 kDa were present in the 
haemolymph of vitellogenic females (Table 8.3.1.2). 
Figure 8.3.1 .11 lmmunoblot of pooled (n=5) native and delipidated haemolymph samples 
from male and female crabs. The crabs were collected from Arisaig, Clyde, Mersey and 
Tamar. Lane I: Arisaig c3'Cnative); 2: Arisaig Q'(delipidated); 3: Clyde c3'(native); 4: Clyde 
c3'(delipidated); 5: Mersey c3'(native); 6: Mersey Q'(delipidated); 7: Tamar Q'(native); 8: 
Tamar c3' (delipidated); 9: Arisaig ~(native); 10: Arisaig ~(delipidated); Lane 11 : Purified 
lipovitellin. Each lane contained I 0 ~g of total protein except for lipovitellin standard (0.5 
~g). Blot incubated in antiserum raised against C. maenas apolipovitellin I : I 0 000 and 
visualised with BCIP/NBT 
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Table 8.3.1.2 Molecular weights (kDa) of immunoreactive polypeptides detected in 
haemolymph samples of C. maenas sampled from Arisaig, Clyde, Mersey and Tamar 
when probed with antiserum raised to C. maenas apolipovitellin. Control sample taken 
from a vitellogenic female. Comparisons based on 2% tolerance. 
Site Arisaig Tees Tyne Clyde Mersey Tamar Control 
N O' D O' N O' D O' N O' D O' O' N O' D O' N O' D O' N O' D N~ D~ Vt 
Band 
1 152.3 152.3 
2 100.8 100.4 96.8 99.9 98.6 
3 75.7 76.4 74.5 75.4 75.5 75.5 75.1 74.7 76.8 75.4 76.4 76.4 75.1 75.7 76.8 
4 56.1 56.1 
I I 7 
Band 1 
Band2 
Band3 
.---.and4 
Figure 8.3 .1.12 lmmunoblot of pooled (n=S) native and delipidated haemolymph samples 
from male and female crabs. The crabs were coUected from Arisaig, Tees, and Tyne. Lane 
1&11: molecular marker; 2: Arisaig c)'(native); 3: Arisaig O'(delipidated); 4: Tees O'(native); 
5: Tees O'(delipidated); 6: Tyne O'(native); 7: Tyne Q'(delipidated); 8: Arisaig ~(native); 9: 
Arisaig ~(delipidated); 10: Purified lipovitellin. Each lane contained 10 J.18 of total protein 
except lipovitellin standard (0.5 J.lg). Blot incubated in antiserum raised against C. maenas 
apolipovitellin I: 10 000 and visualised with BCIP/NBT. 
While Western blots detected immunoreactive protein in the Tyne and Clyde 
samples (Figure 8.3.1.9 & Figure 8.3.1.10), dot blots did not (data not shown). As the 
antiserum to VtD was more sensitive (Figure 8.3.1.11 ), dot blots of individual 
haemolymph samples from male crabs collected in the Clyde and the Tyne were 
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repeated and the membrane probed with antiserum to VtD. The detection limit was 
improved and equated to 0.03f..lg ofVt. 
After correcting for variations in the background staining, only one sample from 
the Clyde, with a concentration of 0.058±0.001 f..lg of lipovitellin-equivalents per 
microgram of total haemolymph protein, registered above this threshold (Figure 
8.3.1.13). This level was considerably lower than the 0.16 f..lg Vt-equivalents per f,.lg of 
haemolymph protein, observed in haemolymph samples from females in the early stages 
ofvitellogenesis (Figure 8.3.1.13). Values from dot blots ofthe Tyne samples, however, 
remained below the limit of detection (Figure 8.3.1.14). 
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Figure 8.3.1.13 Clyde C. maenas: Mean (± SE) vitellogenin levels (vitellin equivalents) 
determined by dot blots using apolipovitellin antiserum. (Vt), vitellin standard (0.1 ~tg); (Fl 
& F2), haemolymph from vitellogenic females (0.5 ~tg) . Dotted line indicates limit of 
detection 
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Figure 8.3. I . 14 Tyne C. maenas: Mean (± SE) vitellogenin levels (vitellin equivalents) 
determined by dot blots using apolipovitellin antiserum. (Vt), vitellin standard (0. I 11g); (F I 
& F2), haemolymph from vitellogenic females (0.5 11g). Dotted line indicates limit of 
detection 
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8.3.2 Chronic Exposure of C. maenas Adults 
Vitellogenin was not detected in the haemolymph of crabs from the control site 
at Arisaig prior to exposure (Figure 8.3.1.6). With the exception of the samples taken 
from vitellogenic females, no immunoreactive proteins were detected in the 
haemolymph of any of the male crabs exposed to the test chemicals after 6 weeks 
(Figure 8.3.2.1 & Figure 8.3.2.2). 
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Figure 8.3.2.1 Dot blot of haemolymph samples taken from C. maenas males exposed to a 
low concentration of 4-NP (I J.lg L-1) and either a high (0.622 J.lg L-1) or low (0.19 J.lg L-1) 
treatment of DEHP over six weeks. Samples were also available from duplicate control 
treatments (A & B). Haemolymph was taken from 5 individuals per treatment and a total of 
1 J.lg of total haemolymph protein was loaded for each male. A sample of purified lipovitellin 
(0.1 J.Lg) and 0.1 f..lg of haemolymph protein from a vitellogenic female (~ I) were loaded as 
standards. Each sample was run in triplicate and the blot probed with antiserum to C. maenas 
lipovitellin (I : I 0 000). 
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Figure 8.3.2.2 Dot blot of haemolymph samples taken from C. maenas males exposed to 
Quercetin (2.5 J.lg L"1) , 4-NP at 5.2 J.lg L-1 and Methoxychlor at either a high (5.6 J.lg L"1) or 
low (1 J.lg L"1) concentration for six weeks. Haemolymph was taken from 5 individuals 
exposed to either treatment of methoxychlor and from 6 individuals exposed to either 
quercetin or the high exposure of 4-NP. A total of I J.lg of total haemolymph protein was 
loaded for each male. A sample of purified lipoviteUin (0.1 J.lg) and 0.1 J.lg of haemolymph 
protein from 2 vitellogenic females (~2 & ~3) were loaded as standards. Each sample was 
run in triplicate and the blot probed with antiserum to C. maenas lipovitellin ( 1: 10 000). 
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8.3.3 Chronic Exposure of P. elegans Adults 
Haemolymph of sexually mature male and female P. elegans, which had been 
exposed to 4-NP and E2 from hatching (Chapter 6), was aspirated onto nitrocellulose 
membranes and the membranes probed with polyclonal antiserum to P. elegans 
lipovitellin (Vt). The antiserum to P. elegans Vt was more sensitive than the antiserum 
to C. maenas Vt, used for screening crab vitellogenin (Vtg). Consequently, correcting 
for background staining, the limit of detection for Vtg in P. elegans was calculated as 
0.015 J.lg ofVt. 
No immunoreactive proteins were identified in haemolymph taken from control 
males (Figure 8.3.3.1) or from those exposed to either 4-NP or E2 (Figure 8.3.3.2 & 
Figure 8.3.3.3). Immunoreactive proteins were identified in haemolymph of females 
cultured in the control treatments (Figure 8.3.3.1) and exposed to 0.2 J.lg L-1 E2 (8.3.3.3) 
and 2.0 J.lg L-1 4-NP (Figure 8.3.3.2). 
Calibration standards of purified P. e/egans Vt were run on each membrane 
allowing comparisons between the immuno-responses observed (Figure 8.3.3.1, Figure 
8.3.3.2, Figure 8.3.3.3). All values were adjusted to correct for background staining and 
expressed as ng ofVt equivalents per microgram (J.lg-1) of total haemolymph protein; ng 
Vt J.lg-1• In conjunction with the haemolymph samples taken from treated prawns, 
haemolymph from one of three wild females in the latter stages of vitellogenesis was 
applied to each blot. Haemolymph from the wild females contained 0.05-0.07 f.lg of 
vitellogenin per microgram of total haemolymph protein. These values were similar 
between blots and individuals indicating the reproducibility of the technique (Figure 
8.3.3.4). 
Dot blots revealed that females exposed to 2 J.lg L-1 4-NP contained 18.5±4 ng 
Vt f.lg-1, while females exposed to 0.2 f.lg L-1 E2 contained 25. 7±5 ng Vt f.lg- 1• 
Comparable results of 36 ±2 ng Vt f.lg- 1 and 23±0.4 ng Vt f.lg- 1 were recorded in 
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haemolymph from the seawater control and solvent control females respectively (Figure 
8.3.3.4). All positive results for vitellogenin, from either control or treated females, 
were for females undergoing vitellogenesis (as judged by viewing ovaries through 
carapace). Females in which Vtg was not detected had either little or no ovarian 
development. Exposure of P. elegans, through larval development to mature adults, to 
4-NP and E2 within the range 0.2-20 jlg L"1, did not induce Vtg synthesis in P. e/egans 
males. The sample size was, however, relatively small due to high mortality rates during 
the long culture period. 
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Figure 8.3.3.1 Dot blot of haemolymph from P. elegans adults cultured in seawater or in 
seawater containing acetone (<0.01 % v/v). Dotted perimeter indicates samples from females, 
solid line indicates males. Standard curve 0.01 5-1.0 J,.lg produced from purified lipovitellin. 
Haemolymph from one of 3 untreated females was used as a positive control, whilst pooled 
haemolymph (n=5) from untreated males composed a negative control. For each dot I J,.lg of 
haemolymph protein was loaded with the exception of the female control (0.2 J,.lg). Dot blot 
probed with P. elegans lipoviteJJin antiserum I :5000 and visualised with BCIP/NBT. 
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Figure 8.3.3.2 Dot blot of haemolymph from P. elegans adults continuously exposed to 4-n-
nonylphenol (0.2, 2, 20 f..lg L'1 4-NP) after hatching. Dotted perimeter indicates samples 
from females, solid line indicates males. Standard curve 0.015-1.0 f..lg produced from 
purified lipovitellin. Haemolymph from one of 3 untreated females was used as a positive 
control, whilst pooled haemolymph (n=5) from untreated males composed a negative 
control. For each dot I f..lg of haemolymph protein was loaded with the exception of the 
female control (0.2 f..lg) . Dot blot probed with P. elegans lipovitellin antiserum I :5000 and 
visualised with BCIP/NBT. 
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Figure 8.3.3.3 Dot blot of haemolymph from P. e/egans adults continuously exposed to 1 7~­
oestradiol (0.2, 20 J.Lg L-1 E2) after hatching. Dotted perimeter indicates samples from 
females, solid line indicates males. Standard curve 0.015-1.0 J.Lg produced from purified 
lipovitellin. Haemolymph from one of 3 untreated females was used as a positive control, 
whilst pooled haemolymph (n=5) from untreated males composed a negative control. For 
each dot I J.Lg of haemolymph protein was loaded with the exception of the female control 
(0.2 J.Lg). Dot blot probed with P. elegans lipovitellin antiserum I :5000 and visualised with 
BCIP/NBT. 
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Figure 8.3.3.4 Densitometric quantification of vitellogenin in the haemolymph of P. elegans 
adults exposed to 4-n-nonylphenol (0.2, 2, 20 ~1g L"1 4-NP), l7P-oestradiol (0.2, 20 ~g L"1 
~) or acetone (<0.01% v/v) from hatching. Values expressed as mean (n=3) vitellin 
equivalents (~g)± SEM. ~' vitellogenic females; numbers above bars (1-3) represent female 
standards (Figs 8.3.3 .1-3). Dotted line indicates limit of detection. 
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8.4 Discussion 
There were differences in the size distribution of individuals collected at the 
different sites, although this likely reflected the limited access to the lower shore at the 
Clyde and Mersey sites. The environment at both of these sites limited the availability 
of size refuges on the upper shore, with the majority of larger individuals. forced to 
migrate further down the shore at low water. It was possible that the majority of the 
crabs collected in the Mersey and Clyde were not therefore sexually mature. It was 
assumed, however, that this effect was negated by limiting the sampling of haemolymph 
to individuals with carapace widths greater than 35 mm. 
While optimising the dot blot technique it was observed that the working range 
of the assay was limited to 0.01-0.1 J.lg lipovitellin (Vt) equivalents. It is important to 
note that the antiserum used to screen the dot blots was raised against Vt and that Vt 
was used as the standard. However Vt is not present in the haemolymph of Crustacea 
(Chamiaux-Cotton, 1985) and consequently it is assumed that the antiserum was 
reacting with the immunologically similar lipovitellin precursor vitellogenin (Vtg). In 
practice, the limit of detection was calculated as 0.04J.lg Vt, which reduced the working 
range of the assay to 0.04-0.1 J.lg Vt. The assay does not, therefore, provide a very 
robust technique for quantitative comparisons. The technique is, however, well suited to 
qualitative comparisons and the presence or absence determination which was required 
by this study. 
Vitellogenin was not detected, by dot blotting, in the haemolymph of male C. 
maenas sampled from any of the sites. In contrast haemolymph from females in the 
early stages of vitellogenesis clearly contained sufficient Vtg to register above the assay 
threshold. Typically female haemolymph during early vitellogenesis was found to 
contain lOO ng Vt (equivalents) J.lg.1(total haemolymph protein). This value 
corresponded to approximately 10% of the total haemolymph protein. In fish, Vtg levels 
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in males have been observed to increase from I 0 ng ml-1 to I mg ml-1 on exposure to 
xeno-oestrogens (All en et al., 1999a). If a comparable response in C. maenas is 
assumed, it is feasible that the values of less than 0.04 IJg Vtg f.lg- 1, observed in the 
field, could rise to greater than the detection threshold. Despite the limited sensitivity of 
the dot blot assay, the results of the current study agree with those of Alien et al. (2002), 
who screened C. maenas from similar locations using an ELISA technique sensitive to 
the nanogram range. 
Vitellogenin was not detected in the haemolymph of male P. elegans, which had 
been exposed to environmentally realistic concentrations of the xeno-oestrogen 4-NP, 
from hatching to maturity. There was also little difference in the Vtg concentrations 
observed in the haemolymph of females exposed to 0.2 fJg L-1 E2 (25.7±5 ng Vt f.lg- 1) 
and 2 f.lg L-1 4-NP (18.5±4 ng Vt fJg- 1). These results compare favourably with the 2.5-
10% proportion ofVt reported in crude homogenates of Palaemonetes pugio exposed to 
low levels (5 f.lg L-1) ofpyrene (Oberdorster et al., 2000b). 
The majority of the polypeptides in C. maenas haemolymph from all the sites 
were between 70 and 80 kDa molecular mass, with additional polypeptides of 205 and 
110 kDa. The haemolymph of females in the early stages of vitellogenesis from the 
control site at Arisaig had an additional and highly distinct polypeptide, of 
approximately I 00 kDa. 
A 74 kDa polypeptide, immunoreactive to antiserum raised against Vt, was 
identified in the haemolymph of males sampled from the Tyne and the Clyde. The 
presence of this polypeptide may represent abnormal synthesis, or even novel induction 
arising from exposure to xeno-biotics. However, Vtg induction was reportedly greater in 
fish sampled from the Tees and Mersey than from the Clyde and Tyne (Alien et al., 
2002). Subsequently the absence of the 74 kDa immunoreactive polypeptide in the 
haemolymph of crabs from the Mersey and Tees suggests that comparable mechanisms 
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between fish and crabs do not occur. It may be that the immunoreactive polypeptide 
identified is unregulated or induced via a process not linked to the oestrogenic activity 
of environmental contaminates. Alternatively, the immunoreactive polypeptide, while 
being immunologically similar to Vt, may be a completely unrelated protein. This is 
supported by the ability of the antiserum raised against VtD to identify the same 
polypeptide in haemolymph from crabs collected at all the sites, including the control 
site at Arisaig. Contrary to the findings of Spaziani et al. (1995), delipidation of 
haemolymph samples made little difference to the ability of the antiserum to recognise 
apoproteins. The form of the original antigen to which the antiserum was raised did, 
however, affect the ability of the latter to recognise both lipoproteins and 
apolipoproteins. Additionally there was a noticeable difference in the imrnunogenicity 
of the antisera raised against Vt and VtD. The 74 kDa haemolymph polypeptide of the 
Clyde and Tyne crabs was much more immunoreactive with the VtD antiserum. The 74 
kDa protein may, therefore, be present naturally in the haemolymph at low levels and 
upregulated by exposure to xeno-biotics allowing detection using antiserum to Vt. The 
detection of the polypeptide only in crabs from the Tyne and Clyde estuaries however, 
does not accord with this explanation, since oestrogenic contamination is reportedly 
greater in at least two of the other sample sites. 
An additional 100 kDa polypeptide was identified, with antiserum to VtD, in the 
haemolymph of crabs from the Tyne. This polypeptide was comparable in size to the 
larger Vt subunit of C. maenas and a polypeptide of similar size was identified in the 
haemolymph of vitellogenic females from Arisaig. It remains to be shown whether 
either the 74 or the 100 kDa polypeptides, which are apparently upregulated in crabs 
from the polluted sites, are related to Vtg. 
The sensitivity of the dot blot technique was increased when samples from the 
Clyde and Tyne were probed with antiserum to VtD. The detection threshold was 
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reduced from 40 ng Vt j.lg-1 to 30 ng Vt j.lg-1• Subsequently immunoreactive proteins 
were identified in one male from the Clyde. Using a highly sensitive ELISA assay, 
Alien et al. (2002) attributed the presence of vitellogenin-like proteins in the 
haemolymph of a single male during their study to sampling error. The results of the 
present study suggest that induction of vitellogenin-like proteins may occur, although 
the level of incidence would appear to be extremely low. 
During development of the dot blot technique it was noted that proteins from 
male C. maenas haemolymph reacted with the Vt antiserum at ratios greater than 
I :2500. In practice, the immunoreactivity of male haemolymph at antiserum 
concentrations below I :5000 was equivalent to, or greater than, that observed in female 
. haemolymph. The immunoreactive response was, however, consistent regardless of 
loading concentration, suggesting that the antiserum was binding non-specifically to an 
unrelated protein. The interference was absent in female haemolymph samples which 
produced a linear concentration-dependent response. Since the high baseline 
immunoreactivity was not observed in western blots, it is likely that the interfering 
protein is smaller than the 29 kDa cut off retained on 7.5% polyacrylamide gels. 
Alternate indirect plasma indicators of Vtg in fish include alkali-labile protein 
phosphorous (ALP) and total calcium (Christensen et al., 1999). ALP has been shown 
to be an accurate and more sensitive indicator of vitellogenin-like proteins in 
invertebrate haemolymph (Blaise et al., 1999; Gagne and Blaise, 2000; Gagne et al., 
2001a). Further investigations into Vtg induction in Crustacea using ALP as a 
biomarker may prove more practical. 
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Nonylphenol oolyethoxylates 
Nonylphenol polyethoxylates are eliminated from waste water via biological 
mechanisms within sewage treatment plants (STPs). However, the overall rote of 
biodegradation is limited due to the formation of biorefractory metabolites including 
nonylphenol (NP) (Ahel et al., 1994a). These metabolites are usually lipophilic, 
accumulating in aquatic organisms (Ekelund et al., 1990) and are often more toxic than 
their parent compound (Gmnrno et al., 1989). Nonylphenol has been observed in 
European rivers at concentmtions as high as 0.4 J.lg L-1 (Bolz et al., 2001) with typical 
concentrations ofNP in Swiss STP effluents varying between 0.28-2.98 J.lg L-1 (Giger et 
al., 1998). Blackbum et al. (1999) reported that NP concentrations in U.K. rivers varied 
from undetectable up to 30 J.lg L-1• These concentmtions are sufficient to induce Vtg in 
the males of a variety of fish species. Vitellogenin induction has been reported in 
minbow trout exposed to only I J.lg L-1 NP from spawning (Ackermann et al., 2002) and 
in juveniles exposed to 6. 7 J.lg L-1 NP for only 14 days (Thorpe et al., 2000). Induction 
of Vtg has also been reported in sheepshead and fathead minnows at compamble NP 
concentrations (Harries et al., 2000; Hemmer et al., 2001). Vitellogenin-Iike proteins 
have also been observed in the haemolymph of the fresh water mussel, Elliptio 
complanata, exposed to waste water from a municipal STP (Gagne et al., 200lb). 
Effluent from STPs frequently contains high levels of NP, as well as natuml and 
synthetic oestrogens, making it difficult to correlate Vtg induction and xeno-oestrogen 
exposure (Di Corcia et al., 2000; Sole et al., 2000a; Gentili et al., 2002). 
The concentmtions of NP in marine environments is considembly lower than in 
rivers, with reports ofNP concentmtions in the Elbe estuary as low as 33 ng L- 1 (Bester 
et al., 2001). In the U.K., dissolved nonylphenol concentmtions in the Tyne and Tees 
estuaries have been reported to be as high as 3 J.lg L-1 and 0.77 J.lg L-1 respectively (Lye 
et al., 1999; Alien et al., 2002). In other estuaries including the Mersey and the Tamar 
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however, nonylphenol concentrations were reportedly less than 0.2 llg L-1 (Blackbum et 
al., 1999a). The inability to observe Vtg induction in C. maenas, in either the laboratory 
exposures or the field trials during this study, may reflect insufficient exposure to NP 
concentrations at levels necessary to induce synthesis. Since the concentrations used in 
the laboratory exposure were environmentally realistic, the absence of Vtg induction in 
males from the field suggests that based on the use ofVtg induction as a biomarker, NP 
alone does not pose a threat to adult crustaceans at present environmental levels. It is 
more likely, however that either NP is unable to interact with these steroid systems or 
that these systems are absent in Crustacea. 
Methoxychlor 
While the organochlorine insecticide, methoxychlor, is relatively non-toxic to 
mammals, it is extremely toxic to fish and many aquatic invertebrates, with lethal 
effects observed at concentrations less than 100 ppb. Sheepshed minnows, exposed to 
23 llg L-1, exhibited a significant decrease in hatchability and survival (Parrish et al., 
1977). Methoxychlor also appears to be more potent than NP, as 2.5 llg L-1 of 
methoxychlor was sufficient to induce Vtg synthesis in sheepshed minnows compared 
to 5.4 llg L-1 for NP (Hemmer et al., 2001). Induction of Vtg synthesis by 
methoxychlor has also been reported in other fish species including the Channel catfish 
(Nimrod and Benson, 1996a). However, as with exposure to NP, vitellogenin-like 
proteins were not observed in the present study in the haemolymph of C. maenas males, 
which had been exposed to concentrations of methoxychlor as high as 5.6 llg L-1• While 
methoxychlor is itself oestrogenic, it is reportedly the demethylated metabolite of 
methoxychlor which binds to the oestrogen receptor in mammals (Schlenk et al., 1998). 
Demethylation in higher vertebrates is catalysed by cytochrome p450 mono-
oxygenases, most notably CYP2B 1. Consequently it may be that Crustacea lack a 
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similar demethylation pathway, or possibly the comparable methoxychlor metabolite in 
crustaceans does not significantly interact with any oestrogen receptors. 
Phthalate esters 
Phthalate esters, like di(2-ethylhexyl) phthalate (DEHP), have typically been 
described as having anti-oestrogenic properties (Col bum et al., 1993). Following 96-
hours exposure to DEHP, LC50 values for the copepod, Nitocra spinipes, and the mysid 
shrimp, Mysidopsis bahia, were reported to be higher than 0.37 and 300 mg L" 1 
respectively (Adams et al., 1995). More recently, an environmental risk limit (ERL) of 
0.19 11g L"1 DEHP has been proposed based on the specific action of DEHP on 
endocrine regulation in aquatic animals (van Wezel et al., 2000). DEHP levels in rivers 
in the UK, Sweden, USA and the Netherlands are all reported to be within the range 0.3 
- 1.6 11g L-1, with concentrations in coastal and estuarine waters varying between 
<2 ng L-1 - 0.3 11g L-1 (Fatoki and Vemon, 1990). The ubiquitous nature of phthalates 
was clarified more recently by reports of DEHP in Dutch drinking water at 
concentrations as high as 3.5 11g L"1 (ENDS, 1999). Previously phthalates have been 
described as potential endocrine disrupting chemicals (EDCs) by displaying anti-
oestrogenic properties (Colburn et al., 1993). The phthalate benzene moiety of dialkyl 
phtbalates is thought to recognises the core of the oestrogen receptor site with the 
phthalic benzene ring mimicking the steroid A ring of 17~-oestradiol (Asai et al., 2000). 
However, DEHP did not have a significant oestrogenic action when screened with a 
recombinant yeast assay based on human breast cancer cells (Harris et al., 1997). 
Moreover, neither DEHP, nor its major metabolites, interacted with human or rodent 
androgen receptors in transcriptional activation assays (Foster et al., 2001). It thus 
remains equivocal whether DEHP is an oestrogen receptor antagonist. The failure of 
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this study to induce Vtg synthesis in crabs exposed to known xeno-oestrogens prevented 
investigation of contrasting effects in crabs exposed to DEHP. 
Phyto-oestrogens 
Many of the studies investigating endocrine disruption in aquatic organisms run 
parallel to similar investigations in higher vertebrates, including humans (Nimrod and 
Benson, 1996a; Safe et al., 1998; So to et al., 1998). Several of the in vitro assays of 
oestrogenic activity of suspected chemicals on mammalian systems are transferable to 
aquatic vertebrates, particularly fish (Sonnenschein et al., 1995; Arnold et al., 1996). 
Recently there has been growing concern within terrestrial ecotoxicology studies as to 
the effects and action of photochemicals and in particular phyto-oestrogens. (Safe and 
Gaido, 1998; Mitchell et al., 200 I). Phyto-oestrogens have been reported to interfere 
with the moulting and reproduction of insects. The regulation of moulting and 
reproduction in arthropods is highly dependant on fluctuating titres of ecdysteroids 
(Charniaux-Cotton, 1985; Subrarnoniarn, 2000). Plant derived tlavones including 
quercetin have been reported to exhibit antagonistic interaction with the ecdysone 
receptor in vitro (Oberdorster et al., 2001). To date very few studies have investigated 
the action of phyto-oestrogens on aquatic organisms. The exposure of C. maenas males 
to quercetin in the present study did not result in the induction of vitellogenin-like 
proteins in the haemolymph. If vertebrate-like steroids (eg. 17~-oestradiol) play a 
functional role in Vtg synthesis in Crustacea then the complex interaction of chemicals 
like quercetin on both ecdysone (Oberdorster et al., 2001) and oestrogen receptors 
(Nikov et al., 2000) may not result in a net effect. 
While vertebrate like steroids including 17~-oestradiol and progesterone have 
been identified in invertebrates (Fairs et al., 1989; Warrier et al., 2001), it is important 
to consider that no clear functional role for these hormones in crustacean vitellogenesis 
has been identified. Polycyclic aromatic hydrocarbons (PAH) on the other hand have 
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been shown to alter ecdysteroid-dependent gene expression (OberdHrster et al., 1999). 
In female grass shrimp, Palaemonetes pugio, exposure to the P AH, pyrene, at 63 ~g L"1 
(1 ppb) significantly upregulated Vt synthesis over a six week period in this species 
(OberdHrster et al., 2000b). Since vitellogenesis in Crustacea is in part regulated by 
ecdysteroid gene expression, xenobiotics have the potential to influence vitellogenesis 
in Crustacea. However, no vitellogenin-like proteins were identified in the haemolymph 
of male C. maenas exposed to 4-n-nonylphenol (4-NP), methoxychlor, Di-(2-
ethylhexyl) phthalate (DEHP) or quercetin for 6 weeks in the present study. 
Significantly, this study was also unable to detect Vtg in the haemolymph of 
male P. e/egans which had been exposed to either E2 or 4-NP for a period in excess of2 
years from hatching. The exposure of red-eared slider turtles to the EDCs, Aroclor 1242 
and chlordane during embrogenesis had detrimental effects on sex-steroid physiology of 
both males and females which extended into later development (Willingham et al., 
2000). Similarly, exposure of killifish (Fundulus heteroclitus) larvae and embryos to 4-
NP had significant effects on the morphology of offspring (Kelly and Di Giulio, 2000). 
However, long term exposure ( l year) of the barnacle, Elminius modestus, from 
hatching to maturity, a period of approximately l year, revealed no adverse effects on 
ovarian development (Billinghurst et al., 2001). 
Summary 
Consequently, compounds like 4-NP, methoxychlor, DEHP, quecertin and E2 do 
not appear to significantly interfere with sex specific expression ofVtg in C. maenas or 
P. elegans at concentrations currently reported in the environment. However, disruption 
of hormonally regulated developmental processes may occur. 
Combinations of chemicals frequently elicit stronger oestrogenic responses than 
are observed from exposure to a single chemical (Kwak et al., 2001). The present study 
did not investigate the synergistic effects of the chemicals on vitellogenesis in C. 
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maenas. However, the lack of significant levels of Vtg in field samples which were 
undoubtedly exposed to a variety of xenobiotics suggests that synergistic effects on Vtg 
induction in male C. maenas may be negligible .. 
To date the~ is no evidence that xeno-oestrogens are capable of inducing Vtg 
synthesis in male crustaceans. It may be that the chemicals investigated to date are not 
sufficiently oestrogenic to illicit a response, or that crustaceans metabolise the parent 
compounds into benign metabolites. Alternative explanations are that male crustaceans 
do not possess oestrogen receptors or, perhaps, due to the complex steroid regulation of 
vitellogenesis, oestrogen alone may be insufficient to induce vitellogenesis in Crustacea. 
A more fundamental question is whether male C. maenas possess the gene(s) encoding 
for vitellogenin? However, the presence of a vitellogenin-encoding gene in species 
where Vtg synthesis is ovarian-based is unlikely to be of practical use. Overall the 
results of this study support the hypothesis that Vtg induction is not a suitable 
biomarker for investigating xenobiotic exposure in Crustacea. There is, however, some 
evidence to suggest that the expression of some vitellogenin-like proteins in the 
haemolymph of crabs may be affected by exposure to anthropogenic chemicals present 
in the environment. Further work is required to identify the specific regulatory 
processes for the expression of these proteins and the possible modes of action and 
consequences that environmental contaminants may have on their expression. 
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9 General Discussion 
It is widely accepted that the phenomenon of endocrine disruption (ED) in the 
aquatic environment poses a significant risk to wildlife (Tyler et al., 1998; Depledge 
and Billinghurst, 1999; Col born and Thayer, 2000; Hewitt and Servos, 200 I; McMaster, 
2001; Oberdorster and Cheek, 2001; Alien et al., 2002; Sumpter, 2002). In recent years 
there has been a proliferation of studies assessing endocrine effects as endpoints 
following exposure to synthetic substances in mammalian and non-mammalian 
vertebrates using both short- and long-term in vivo studies or short term in vitro studies 
(Harvey and Johnson, 2002). 
As the number of studies into the effects on the endocrine system has expanded, 
so too has the number of chemicals designated as having an adverse effect on the 
endocrine system of wildlife. A comprehensive list of the primary pollutants is 
presented in Directive 2000/60/EC of the European Parliament, which specifically 
refers to: 
"substances and preparations, or the breakdown properties of such, which have been 
proved to possess carcinogenic or mutagenic properties or properties which may affect 
steroidogenic, thyroid, reproduction or other endocrine related functions in or via the 
aquatic environment" (OJEC, 2000). 
Previous investigations have highlighted the effects of heavy metal pollution on 
decapod physiology, many of which are suggestive of endocrine disruption. In addition 
to their acute toxicity, metals like cadmium affect reproduction and crustacean 
hyperglycemic hormone (CHH) release (Reddy et al., 1994; Reddy et al., 1996), while 
mercury, cadmium, zinc and tributyltin oxide (TBTO) inhibit moulting and limb 
regeneration in a range of decapods (Weiss, 1977; Weiss, 1978; Weiss, 1980; Reddy et 
al., 1991). Moreover, in one particular study, the action of various heavy metals was 
directly linked to the inhibition of enzymatic action (Skaggs and Henry, 2002). 
However, developmental abnormalities in crab larvae arising from exposure to 
265 
cadmium during embryonic development may simply represent embryo toxicity and not 
necessarily aberrations in hormonally-controlled processes (Zapata et al., 2001). 
Similarly, while alterations in physiological endpoints such as heart rate and the 
osmoregulatory capability of crabs can be indicative of copper exposure (Bamber and 
Depledge, 1997), or possibly general pollutant exposure (Wedderburn et al., 1998), such 
endpoints have not been linked to disturbances in the endocrine system. 
Much of the recent evidence for endocrine disruption in the aquatic environment 
has been obtained from the action of oestrogenic contamination or xeno-oestrogens on 
the endocrine systems of fish ( Arcand-Hoy and Benson, 1998; Tyler and Routledge, 
1998; Matthiessen, 2000; Arukwe, 2001; Alien et al., 2002; Matthiessen et al., 2002; 
;Sumpter, 2002). This reflects both the paucity of information relating to the endocrine 
systems of many invertebrate phyla and, until recently, the failure to recognise the 
importance of invertebrates within aquatic ecosystems (Depledge and Billinghurst, 
1999). However, the endocrine control systems of development, growth and 
reproduction have been well studied in several invertebrate phyla, particularly Insecta, 
(Terwilliger, 1999) Crustacea (Charniaux-Cotton, 1985; Fingerman and 
Nagabhushanam, 1992; Charmantier and Charmantier-Daures, 1998; Huberman, 2000; 
Subramoniam, 2000) and to a lesser extent, Mollusca (LaFont, 2000). Accordingly, in 
recent years there has been a proliferation of studies investigating the effects of 
endocrine disrupting chemicals (EDCs) on aquatic invertebrates. There remains, 
however, conflicting evidence for the effects of oestrogenic contaminants on 
invertebrates. 
The first and most widely studied case of endocrine disruption in aquatic 
invertebrates was imposex in the gastropod, Nucel/a lapillus following exposure to 
tributyltin (TBT) (Gibbs and Bryan, 1986; Gibbs et al., 1991 ). Similar effects caused by 
TBT have been identified in other gastropod species, including imposex in Buccinum 
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undatum (Santos et al., 2002), Bolinus brandaris (Sole et al., 1998; Morcillo and Porte, 
1999), Marisa cornuarietis (Oehlmann et al., 2000), Lepsiella vinosa (Nias et al., 
1993), llyanassa obsoleta (Oberdorster et al., 1998a) and ovarian spermatogenesis in 
Haliolis gigantean (Horiguchi et al., 2002). Although a comprehensive understanding 
of the mechanisms of TBT on the physiology of molluscs remains incomplete, the 
greater part of the data indicate a disruptive action by TBT on hormonally-regulated 
processes (Lee, 1991; Spooner et al., 1991; Bettin et al., 1996; Santos et al., 2002). 
Supporting evidence for this hypothesis is provided by field studies, where the levels of 
detoxifying enzymes (cytochrome P450) were significantly lower in Buccinum 
undatum, exhibiting imposex characteristics, than in normal individuals (Santos et al., 
2002). Additionally, both the metabolic androgen, TBT, and the xeno-oestrogen, 4-NP, 
were reported to detrimentally affect egg production, reduce the hatching rate of the 
eggs and increase histopathological changes in epithelial tissues in adults of the fresh 
water gastropod Lymnaea stagna/is (Czech et al., 2001). It has therefore been postulated 
that such effects are indicative of endocrine disruption. 
Perturbations in the natural development of insects arising from exposure to 
oestrogenic contaminants have also been considered as indicative of endocrine 
disruption. Freshwater chironomids (Insecta) are widely used in the assessment of 
sediment contamination and toxicity within European and North American monitoring 
programmes (Girling et al., 2000). Studies investigating the effects of a range of 
contaminants on the midge, Chironomus riparius, have identified time to pupation and 
adult emergence as sensitive criteria for evaluating the effects of a range of chemicals, 
particularly lindane (Taylor et al., 1993; Watts and Pascoe, 2000) and the moulting-
hormone agonist, tebufenozide (Hahn et al., 2001 ). Furthermore, chronic exposure to 
the natural oestrogen 17 alpha- ethinylestradiol (EE2) and the xeno-oestrogen bisphenol 
A have been reported to significantly affect the timing and success of C. riparius adult 
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emergence (Watts et al., 2001). These effects were primarily associated with the second 
genemtion of test animals and were particularly acute in individuals exposed to 
bisphenol A where emergence was significantly delayed at concentrations between 
0.078-750 llg L"1 (Watts et al., 2001). 
Both EE2 and bisphenol A intemct with the vertebrate ER in vitro (Gutendorf 
and Westendorf, 2001; Satoh et al., 2001) and even at very low concentmtions, EE2 (-1 
ng-1) significantly reduced the emergence time of first and second genemtion C. 
riparius. The lack of effects on other female reproductive pammeters, however, like 
egg production and egg viability led the investigators to conclude that such parameters 
are not specific indicators of oestrogenic action (Watts et al., 2001 ). 
Experiments investigating the oestrogenic activity of alkylphenol 
polyethoxylates (APEs) on C. riparius found that 4-NP did not have a significant effect 
on the sex ratio of emerged chironornids, although it was reported that 4-NP in the 
sediment, at concentrations as low as 115 llg g"1dw, was capable of retarding the growth 
of C. riparius larvae (Bettinetti and Provini, 2002). At concentmtions of 250 llg g"1dw 
or greater, 4-NP inhibited the ability of emerged chironomids to lay eggs. At 
concentmtions of 610 llg g" 1dw, aberrations in the gonadal development of the worm, 
Tubifex tubifex were observed (Bettinetti and Provini, 2002). Other aberrations in C. 
riparius arising from exposure to 4-NP (I 0-100 llg L" 1) included a significant increase 
in the frequency of mentum deformities (Meregalli et al., 2001 ). 
In contrast and despite their abundance and importance in marine ecosystems, 
there is a paucity of pmctical biomarkers for endocrine disruption in Crustacea. This is 
surprising since Crustacea represent one of the few invertebmte classes for which a 
relatively comprehensive understanding of hormonal systems is available (Beltz, 1988; 
Fingerman and Nagabhushanam, 1992; Charmantier and Charmantier-Daures, 1998; 
Huberman, 2000; LaFont, 2000; Submmoniam, 2000). Adverse effects on sexual 
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morphology, biochemistry and development of amphipods (Brown et al., 1999) and 
cladocerans (LeBianc and McLachlan, 2000) have been observed upon exposure to 
natural and xeno-oestrogens. Conversely, comparable studies with copepods (Breitholtz 
and Bengtsson, 2001) and decapods (Alien et al., 2002) failed to identity any significant 
effects of exposure to oestrogenic contaminants. Despite these differences, compelling 
evidence for endocrine disruption in Cirripedia, exposed to oestrogenic pollutants 
during their early life stages, has been presented (Billinghurst et al., 1998; Billinghurst 
et al., 2000; Billinghurst et al., 2001). Crustaceans are therefore a particular focus of 
endocrine disruption research, reflecting their abundance in nature, commercial 
importance and their inclusion in regulatory assessment schemes. 
Depledge and Billinghurst (1999) proposed a strategy for the detection of 
endocrine disruption, based initially on the culture of representative species with 
relatively short life cycles (ideally a matter of weeks) and assessing their growth, 
reproductive output, viability of offspring and sex ratios in the laboratory, with 
subsequent investigations on the vulnerability of each life stage. To date, the majority of 
studies investigating endocrine disruption in Crustacea have utilised small, relatively 
short-lived taxa, particularly cladocerans (Oberdorster et al., 1998c; LeBlanc and 
McLachlan, 2000; LeBlanc et al., 2000; Olmstead and LeBlanc, 2000; Olmstead and 
LeBianc, 2001; Sanchez and Tarazona, 2002), copepods (Moore and Stevenson, 1991; 
Moore and Stevenson, 1994; Hutchinson et al., 1999a), cirripedes (Billinghurst et al., 
1998; Billinghurst et al., 2000; Billinghurst et al., 2001) and amphipods (Wemer and 
Nagel, 1997; Brown et al., 1999; Gross et al., 2001; Watts et al., 2002; Vandenbergh et 
al., 2003). Relatively few studies have investigated the effects of EDCs on decapods 
(Bamber and Depledge, 1997; Oberdorster et al., 1998b; Wedderbum et al., .1998; 
Handy and Depledge, 1999; Oberdorster et al., 2000a; Galloway and Depledge, 2001; 
Snyder and Mulder, 2001). 
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During the embryonic development of the sand crab, Emerita asiatica, peaks in 
E2 and progesterone (Pg) concentrations were observed to correspond to peaks in 
esterase and protease activity, suggesting that protein-bound and conjugated steroids 
were released during embryogenesis (Warrier et al., 2001). In insects, the release of egg 
yolk-bound ecdysteroids may play a role in regulating embryonic development (Bownes 
et al., 1988). Whether the release of vertebrate-like steroids in crustacean eggs is 
simply due to their association with Vt, or due to the steroidogenic ability of eggs, is 
unknown. It is possible, however, that steroid hormones in the eggs potentiate and 
facilitate morphogenic processes in embryonic development (Warrier et al., 2001). 
Ontogenic changes must also be considered in this respect, since androgenic hormones 
like testosterone are believed to be absent in Crustacea until sexual differentiation when 
the androgenic gland develops, however androgenic hormones remain unidentified in 
decapods (Sagi et al., 1997; Channantier and Channantier-Daures, 1998; Barki et al., 
2003). Certain steroidal hormones may therefore play a functional role in larval 
development, although there is currently no evidence to support this hypothesis. 
Acute toxicity and stability of 4-NP 
In the current study, the acute toxicity (48h LC50) of 4-NP to the larval stages of 
C. maenas varied between 45-100 Jlg L-1, with the later larval stages generally less 
sensitive. Conversely, P. e/egans larvae exhibited a biphasic response to 4-NP with the 
early and late larval stages being less sensitive than the intermediate stages. Overall, P. 
e/egans larvae were more sensitive than C. maenas larvae to the toxic effects of 4-NP, 
with 48h LC5os of between 37-64 Jlg L-1 depending on stage. These values are 
consistent with acute toxicity values for 4-NP of between 30-190 Jlg L-1 reported for 
other crustaceans (Comber et al., 1993; Bechmann, 1999). Although specific toxicity 
tests were not conducted, Nice et al. (2000) also reported that at higher concentrations 
(100-10000 Jlg L-1), 4-NP was acutely toxic to oyster Crassostrea gigas larvae. It is 
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therefore apparent that 4-NP is acutely toxic to a range of crustaceans and molluscs at 
concentrations at least an order of magnitude greater than those typically present in 
estuarine environments (:S1 Jlg L"1) (Alien et al., 2002). Consequently, adverse affects 
on larval development on exposure to 4-NP, at environmentally realistic concentrations, 
are unlikely to be solely the result of acute toxicity. 
The concentrations of 4-NP measured in freshly prepared test solutions in this 
study differed from the nominal concentrations and declined over 24 h. Such 
discrepancies between actual and nominal concentrations have been reported in similar 
experiments using static renewal methodologies (Billinghurst et al., 1998; Bechmann, 
1999; Bettinetti et al., 2002). In the current study, the concentration of 4-NP measured 
in test solutions declined by 17.7-55.6% over 24 h in the absence of biological material. 
The highest loss was observed in the 2 j.lg L"1 (nominal) test solution where the actual 
concentration declined from 1.87 to 0.83 Jlg L-1• In the presence of biological material 
(in the form of live Artemia sp.), losses were considerably greater with concentrations 
declining to 14% of nominal. Therefore, while it remains difficult to ascertain the 
precise concentrations of 4-NP to which test organisms were exposed over the 24 h test 
period, the levels did remain consistently segregated into comparatively high, medium 
and low dosages with no overlap. Thus, while the initial nominal concentrations were 
selected to emulate the range of concentrations of 4-NP previously reported in the 
environment (Blackburn and Waldock, 1995; Blackbum et al., 1999b), the actual test 
exposures compared better to the lower concentrations more recently measured in the 
aquatic environment (Alien et al., 2002). 
Effects of 4-NP and E2 on invertebrate development 
Exposure of barnacle, Elm in ius modes/us larvae to 4-NP (0.1-1 0.0 Jlg L" 1) for 
less than 72 h, significantly reduced the number of settling cypris larvae (Billinghurst et 
al., 1998; Billinghurst et al., 200 I). A similar inhibitory affect on settlement was 
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observed in larvae exposed to comparable levels of the natural oestrogen E2. In contrast 
to the concentration-response curve observed with 4-NP, however, E2 produced an 
inverse concentration-response relationship (Billinghurst et al., 1998; Billinghurst et al., 
2001). 
Nice et al. (2000) postulated that the delays in the larval development of the 
oyster C. gigas following exposure to 4-NP (0.1-10 f.lg L"1) reflected on inhibition of 
dopamine release affecting sensory perception during settlement behaviour. Such a 
mechanism may also have been a contributing factor in inhibiting the settlement of 
barnacle larvae following exposure to 4-NP (Billinghurst et al., 1998) since 
neurotransmitters such as dopamine and serotonin have been implicated in barnacle 
settlement (Y amamoto et al., 1999; Okazaki and Shizuri, 200 I). 
In contrast to the effects observed in barnacles and oyster larvae, neither the 
xeno-oestrogen, 4-NP, nor the natural oestrogen, E2, at concentrations ranging from 0.2-
20 f.lg L-1, significantly affected the larval development of either P. elegans or C. 
maenas. Slight delays in the development of C. maenas larvae were observed, but an 
ubiquitous fungal infection, which also caused a high rate of mortality, was considered 
to be a primary contributing factor, making interpretation of the data ambiguous. 
Neither 4-NP nor E2, at similar concentrations, affected the growth of larvae of either 
species. 
The occurrence of intersex characteristics in harpacticoid copepods exposed to 
waste water from a sewage treatment plant (STP) has raised the question of whether 
copepods are sensitive to oestrogenic exposure (Moore and Stevenson, 1991 ). Despite 
further investigations by Moore and Stevenson (1994), who identified significant levels 
of abnormal development (intersex characteristics) in 2 species of copepod; 
Paramphiascella hyperborean and Stenhelia gibba, direct causal links between 
pollutant exposure and the incidence of abnormalities were not apparent. Related 
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laboratory based studies detennined that sex ratios, survival and development of Tisbe 
battag/iai were also unaffected by concentrations of E2 and EE2 below I 00 11g L"1 
(Hutchinson et al., 1999a; Hutchinson et al., 1999b ). Similar studies with the copepod, 
T. battagliai, did not detect a significant effect of 4-NP on survival or reproduction at 
concentrations 91 11g L-1 (Bechmann, 1999). 
Comparable investigations on the effects of 4-NP on the growth and sex ratios of 
populations of the amphipod, Corophium volutator, reported that at concentrations as 
high as 200 11g L"\ no adverse affects were observed, although at ::::10 11g L"1 survival 
was affected in a concentration independent manner (Brown et al., 1999). 
In contrast to the lack of effects on amphipods and copepods, the natural 
oestrogen EE2 (46 11g L"1), the APE p-octylphenol (5.2 11g L"1) and the anti-androgen 
flutamide, were all capable of inhibiting the larval development of the copepod, Acartia 
tonsa (Andersen et al., 2001). However, similar concentrations ofEE2 and E2 (0.5-50 11g 
L"1) did not significantly effect the development of the copepod, Nitocra spinipes, 
although comparable concentrations of DES reduced the number of gravid females 
(Breitholtz and Bengtsson, 2001 ). 
Therefore, while differences in the potency of the oestrogens appears to be an 
important factor in their ability to affect copepod development, there also seems to be a 
species disparity in the level of exposure required to elicit a response. In laboratory 
based experiments on the copepod, T. ballagliai, 20-hydroxyecdysone and DES, had 
21 d LCso values of 53.4 11g L-1 and 31.6 11g L-1 respectively, and were thus highly toxic. 
The oestrogenic hormones E2 and oestrone, however, did not affect population 
dynamics (Hutchinson et al., 1999a; Hutchinson et al., 1999b ). These findings suggest 
that oestrogens, like E2 and EE2, and weak xeno-oestrogens, like 4-NP, have little or no 
effect on copepod reproduction or development and that aberrations purportedly related 
to endocrine disruption may simply reflect toxicity. 
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A similar explanation could apply to the lack of effects of 4-NP and E2 on P. 
elegans and C. maenas larvae but does not hold for barnacle larvae (BiUinghurst et al., 
I998; Billinghurst et al., 2000; Billinghurst et al., 200I). The current evidence, 
therefore, while inconclusive, tends to indicate that oestrogens like E2 and weakly 
oestrogenic xeno-oestrogens like 4-NP do not interfere with the hormonally regulated 
processes of growth and development in decapod larvae. 
Critical periods (windows) and developmental toxicity of 4-NP exposure 
The timing of exposure was critical to the adverse effects of oestrogenic 
compounds on the settlement of barnacle larvae (Billinghurst et al., 2001). Exposing 
larvae within the first 4 days of development to I 1-1g L"1 4-NP had no effect on 
settlement success. When E. modestus larvae received a single exposure for 24 hours to 
4-NP at I 1-1g L" 1 during the 3 days prior to the naupliar-cyprid moult, settlement was 
significantly inhibited (Billinghurst et al., 2001). Importantly, while larvae which 
received a brief exposure to less than I 1-1g L-1 of either 4-NP or E2 prior to settling were 
able to recover without adverse effects, larvae exposed to I llg L"1 of either chemical 
exhibit a reduced ability to settle and undergo metamorphosis (Billinghurst et al., 1998). 
Barnacle larvae, therefore, appear to have the ability to recover from periodic exposure 
at relatively low concentrations. Similar critical windows have been reported for the 
oyster Crassostrea gigas, where a single exposure to 4-NP, immediately after 
fertilisation, delayed larval development and increased the incidence of "convex hinge" 
deformities (Nice et al., 2000). Furthermore, exposure to 4-NP at I 1-1g L" 1 , 7-8 d post 
fertilisation (p.f.) (when the larvae change from veliger to veliconcha) significantly 
affected growth, survival, sexual differentiation and although had little effect on 
settlement, resulted in adverse trans-generational effects (Nice et al., 2000; Nice et al., 
2003). Conversely, exposure to 4-NP at 1 and 100 llg L"1 23d p.f. (immediately prior to 
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settlement and metamorphosis) had no effect on growth but significantly inhibited 
settlement and metamorphosis (Nice et al., 2001). 
Critical periods of exposure were not investigated in the current study, since 
chronic exposure of the larvae of both species to 4-NP and E2 had little effect on overall 
larval development or growth. However, chronic exposure to 2 J.lg L-1 4-NP did 
significantly reduce the survival of P. e/egans larvae during the later stages of 
development. This concentration of 4-NP is comparable to that required to inhibit 
settlement and metamorphosis in barnacles (Billinghurst et al., 1998). Although further 
investigation is required, it could be that long term exposure at such concentrations, 4-
NP may have an unexpected toxic effect on crustaceans in the low J.lg L-1 range. 
Maternal daphnids exposed to testosterone produce several developmental 
abnormalities in neonates, including partial arrestment of early embryonic development 
and abnormalities in shell spine and first antennae development (Le Blanc et al., 2000). 
Exposure to 4-NP produced similar developmental abnormalities in neonates at 2:44 J.lg 
L-1, however, the pattern was different to that observed in individuals exposed to 
testosterone (LeBianc et al., 2000). So although 4-NP is a developmental toxicant in 
daphnids, such adverse affects are unlikely to be due to an elevated accumulation of 
testosterone, as proposed by Baldwin et al. ( 1997). Consequently, while testosterone 
appears to be toxic to developing embryos, with maternal organisms possibly acting as a 
vector for exposure, 4-NP is not. LeBianc et al. (2000) proposed that 4-NP toxicity is 
mediated by maternal influences during gestation (LeBlanc et al., 2000). Unfortunately 
it was not possible to assess similar effects in the current study due to difficulties 
encountered during mating and the gestation of P. e/egans eggs, although there is 
certainly scope for subsequent investigations. 
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CMP and cryptocyanin-like proteins as biomarkers of oestrogenic contamination 
Some of the most persuasive evidence for the ability of xeno-oestrogens to 
interfere with the endocrine system of aquatic invertebrates has been illustrated by the 
action of 4-NP on protein synthesis in Cirripedia. Billinghurst et al. (2000) reported 
variations in the expression of the putative larval storage protein cyprid major protein 
(CMP) (Shimizu et al., 1996b) in Ba/anus amphitrite larvae exposed to I J.Lg L'1 ofE2 or 
4-NP. Based on these studies, they proposed that vitellin-like proteins, such as CMP, 
may act as biomarkers for oestrogen exposure in oviparous Crustacea. 
In the present study, immunoreactive proteins to lipovitellin (Vt) antisera were 
present in all C. maenas and P. elegans larval stages and displayed ontogenic variation. 
Unlike CMP which is similar to barnacle Vt, amino acid sequencing and MALDI-TOF 
analysis of the immunoreactive proteins present in C. maenas and P. e/egans larvae 
suggested that they are structurally similar to cryptocyanin, not Vt, as initially 
hypothesised. 
The levels of the crypotocyanin-Iike protein in P. elegans determined by ELISA 
were influenced by exposure to both 4-NP and E2, although not in a concentration-
dependant marmer. Exposure to high concentrations of E2 (20 J.Lg L'1) significantly 
depressed levels of the cryptocyanin-like proteins, while low concentrations of 4-NP 
(0.2 J.Lg L'1) significantly elevated levels. Unresolved difficulties were encountered in 
utilising the ELISA which had been developed to measure immunoreactive proteins in 
P. elegans larvae, when used for C. maenas larvae. Subsequent analysis of titres of the 
cryptocyanin-like protein in C. maenas larvae using Western blotting and densitometry 
failed to identifY significant perturbations on exposure to 4-NP or E2. Since fluctuations 
in the titres of the cryptocyanin-Iike proteins in P. e/egans larvae were very small, it is 
likely that the Western blotting procedure was not sufficiently sensitive to detect 
significant effects. Further development and optimisation of the ELISA may permit the 
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detection of variations in C. maenas larvae, comparable to those detected in P. e/egans 
larvae. 
Although the role and regulation of cryptocyanin in crustacean moulting is not 
fully understood (Terwilliger et al., 1999; Bunnester, 2001), it is probably under similar 
control to ecdysteroids. Therefore, while fluctuations in the levels of the cryptocyanin-
like protein in P. e/egans are influenced by oestrogens and xeno-oestrogens, future work 
should investigate whether this modification is specific to oestrogenic action, or a 
general response to xeno-biotic exposure. Supplementary examination of the structure 
and amino acid composition of the immunoreactive polypeptides from both species is 
currently in progress. 
There is an ongoing debate as to whether any eftect on the endocrine system 
should be described as disruption (Depledge and Billinghurst, 1999; Hutchinson, 2002; 
Handy et al., 2003). This argument considers the questionable ability to interpret small 
changes in biochemical or cellular biomarkers as adverse when the perturbations may 
lie entirely within the organisms homeostatic range (Harvey and Johnson, 2002). 
Consequently small changes in the natural function of a system may not be pathological. 
While 4-NP and E2 are capable of modifYing the levels of the cryptocyanin-like 
protein in P. elegans, overall these effects do not appear to result in detrimental effects 
on larval growth or development. Interestingly, although 2 J.lg L"1 of 4-NP significantly 
increased the mortality rate of P. elegans during the later larval stages (Z6-PL), it had 
little effect on the titres of the cryptocyanin like protein. Based on the proposal that 
xeno-oestrogens may interfere with the action of ecdysteroids (Bald win et al., 1995), 
perturbations in the levels of the cryptocyanin-like protein is suggestive of endocrine 
disruption. A recent study, however, using an in vitro EcR assay, reported that a wide 
range of oestrogenic compounds had little or no affinity for the EcR (Dinan et al., 
2001). Consequently, while variations in the cryptocyanin-Iike protein could represent a 
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highly sensitive indicator of exposure to certain xenobiotics, such effects are unlikely to 
be receptor mediated via the EcR. Thus, the overall use of such an assay as a practical 
biomarker of xeno-oestrogenic contamination is currently limited. 
Vitellogenin as a biomarker in Crustacea 
While certain xeno-oestrogens have been reported to exhibit little affinity for the 
EcR (Dinan et al., 2001) many others, including 4-NP and bisphenol A, are capable of 
interacting with the mammalian oestrogen receptor (ER) in vitro (Satoh et al., 2001). 
Nonylphenol (NP0-9EO) - ER interactions arise from the covalent bonding, between the 
phenol and akyl groups of alkyl phenols being analogous to the A-ring and hydrophobic 
moiety ofE2 (Tabira et al., 1999). This interaction has enabled the development ofVtg 
induction in fish as a specific biomarker of xeno-oestrogen action (see Jones et al., 
(2000) for review). 
Vitellogenin (Vtg) has previously been identified in the haemolyrnph of female 
crabs and prawns, including Uca pugilator (Quackenbush and Keeley, 1988), 
Callinectes sapidus (Lee and Watson, 1994), Carcinus maenas (Andrieux et al., 1986), 
Penaeus monodon (Chang et al., 1994), Penaeus vannemei (Quackenbush, 1989b) and 
Macrobrachium rosenbergii (Lee et al., 1997). Lipovitellin (Vt), isolated from the 
ovaries of P. elegans in the current study, was approximately 540 kDa (holoprotein) and 
comprised of 5 primary subunits of 183, 103, 97, 86 and 81 kDa. While Vt has been 
characterised from a range of decapod Crustacea these results represent the first attempt 
to characterise Vt from P. elegans. As a result the size and subunit composition were 
found to be similar to those reported in other shrimp (Table 1.1). C. maenas Vt had a 
molecular mass (~500 kDa) comparable to that previously reported (Andrieux et al., 
1986; Andrieux and Defrescheville, 1992), but with a different subunit composition. As 
few studies have addressed C. maenas Vt, it is difficult to explain this discrepancy. 
However, a recent study using similar isolation and purification procedures (Alien et al., 
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2002) identified subunits of comparable size to those reported here (S. Bamber, UoP, 
Pers. Corn). Consequently variations in the electrophoretic mobility of the subunits in 
the different studies may be accounted for by differing purification and assay 
techniques. 
Despite compelling evidence for the absence of female-specific proteins in 
certain adult decapods (Spaziani et al., 1995), the current study found that Vtg was 
female specific in C. maenas and P. elegans. Differences in the protocols used to 
produce polyclonal antisera (Spaziani et al., 1995) could account for these 
discrepancies. Alternatively, the differences may simply reflect species differences. It is 
clear, however, that the production of polyclonal antisera to apolipoproteins ts 
preferable to that produced against the natural lipoprotein. Polyclonal antisera to 
apolipovitellin (VtD) produced in the current study were as specific as, and more 
sensitive than, antisera to Vt. This attribute was particularly useful in the development 
of a sensitive ELISA and in detecting low concentrations of proteins during Western 
blotting procedures. 
While there is currently no direct evidence indicating a functional role of steroid 
hormones in crustacean reproduction, vertebrate-like sex steroids have been identified 
in crabs (Shih and Tseng, 1999; Warrier et al., 2001), prawns (Summavielle et al., 
1995) lobsters (Couch et al., 1987; Fairs et al., 1989) and Artemia sp. (Novak et al., 
1990). More persuasive evidence for the functional role of vertebrate-like steroids, 
particularly oestrogens, in crustacean reproduction is their ability to affect Vtg synthesis 
in crustacean ovaries in vitro (Y ano and ltakura, 1998) and biosynthesis of 17~ 
hydroxysteroid dehydrogenase which is active in steroid metabolism (Ghosh and Ray, 
1993). Furthermore, titres of the vertebrate-like sex steroids appear to fluctuate closely 
with the reproductive cycle of some crustaceans (Fairs el al., 1990; Summavielle et al., 
1995; Warrier et al., 2001). 
279 
Baldwin et al. (1997) suggested that 4-NP, in addition to its oestrogenic 
properties in vertebrate systems, may exhibit reproductive toxicity in invertebrates via 
other mechanisms, the effects of which appear to be particularly acute in offspring. For 
example, exposure of D. magna to 4-NP at >24 Jlg L-1 had no effect on the moulting 
frequency or fecundity of the parents. At these concentrations, however, 4-NP 
significantly affected the growth and survival of offspring (Comber et al., 1993). At 
higher concentrations (lOO Jlg L-1), 4-NP had little effect on the survival of parental 
daphnids, but decreased their fecundity significantly (Baldwin et al., 1997). Many of the 
other effects observed in invertebrates, including reduced fecundity, skewed sex ratios 
and reduced survival, arising from exposure to xeno-oestrogenic compounds, either only 
manifest themselves in offspring, or are more acute in subsequent generations (Baldwin 
et al., 1997; Oberdorster et al., 2000a; Watts et al., 2002). Furthermore, Oberdorster et 
al. (2000a) noted that pyrene exposure inhibited the moulting of male, but not female 
prawns (Palaemonetes pugio). However, evidence from earlier in vitro experiments 
indicates that this action is not through ecdysone receptor mediated action (Oberdorster 
et al., 1999). Exposure to pyrene (63ppb) for as little as 6 weeks can also elevate Vtg 
levels of female shrimp and increase the mortality rate of subsequent offspring 
(Oberdorster et al., 2000a; Oberdorster et al., 2000b). While, other PAHs, like 
benzo{b}fluoranthene and chrysene, are known agonists of the aryl hydrocarbon 
receptor (AhR) (Hankinson, 1995), pyrene is not an AhR agonist (Poland and Knutson, 
1982) and benzo{a}pyrene is not oestrogenic in fish (Thomas and Smith, 1993; 
Monteverdi and Di Giulio, 1999). Consequently, it is unlikely that the upregulation of 
Vtg synthesis, observed in shrimp exposed to pyrene (Oberdorster et al., 2000b), is a 
response to oestrogenic action per se. 
Since Vtg is a high density lipoprotein, and these proteins are generically 
responsible for the transport of steroid hormones (Tom et al., 1993; Kang and Spaziani, 
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1995; Rainwater, 1998), it is possible that in conjunction with its role as a precursor to 
Vt, Vtg may also act as a detoxification mechanism in invertebrates. The association of 
both steroidal hormones and xeno-biotics with plasma Vtg, whether by active or passive 
processes, would facilitate their transfer from the adult to the eggs and could in part 
explain the subsequent deleterious effects observed in offspring. To date, however, no 
investigations have attempted to record the presence, if any, of 4-NP associated with 
lipovitellin. 
The transport of contaminants, in part, explains the higher number of gravid 
female P. elegans failing to carry eggs to hatching when exposed to 4-NP and E2 
observed in the current study, although these differences were not quantified. The 
difficulties in obtaining sufficient offspring from either P. elegans or C. maenas 
exposed to 4-NP and E2 in the current study prevented a comprehensive evalyation of 
trans-generation effects. However, there are currently no measurements on the dose, if 
any, that eggs receive. 
While it is generally accepted that biomarker development should be conducted 
in the laboratory and then applied to the field, studies of abnormal physiological, 
morphological or biological functions in field populations are often the catalyst for 
instigating and promoting investigations in the laboratory (Gibbs and Bryan, 1986; 
Reijnders, 1986; Anderssen et al., 1988; Alzieu, 1991; Folmar et al., 1996; Jimenez, 
1997). 
The induction of Vtg synthesis in male fish has been widely studied as a 
biomarker of exposure to oestrogenic contamination (Purdom et al., 1994; Sumpter and 
Job ling, 1995; Tyler et al., 1996; Lye et al., 1997; Alien et al., 2002). In contrast, Vtg 
was not identified in the haemolymph of any of the male crabs sampled from any of the 
sample sites in the current study, despite (based on Vtg induction in male fish) some of 
these sites being contaminated with oestrogenic compounds (Biackbum et al., l999b; 
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Lye et al., 1999; Alien et al., 2002). These fmdings agree with the results of the 
EDMAR programme (Alien et al., 2002), which tailed to detect Vtg in the haemolymph 
of C. maenas or Crangon crangon collected from a variety of field sites; several of 
which were sampled in the current study. A polypeptide of approximately 74kDa, which 
was immunoreactive to Vt antiserum was, however, clearly identified in the 
haemolymph of crabs from the Tyne and Clyde estuaries. It is possible that this 
immunoreactive polypeptide is related to the cryptocyanin-like protein identified in 
homogenates of C. maenas larvae. Titres of cryptocyanin fluctuate with the moult cycle 
(Terwilliger et al., 1999) and no effort was made to moult stage the crabs from the 
sample sites, which may explain the lack of similar results from the other sites. In 
support of this, the more sensitive antiserum to C. maenas VtD identified similar 
immunoreactive polypeptides in the haemolympli of crabs, from all the sites, including 
the control site at Arisaig. Consequently it is unlikely that the immunoreactive proteins 
present in the haemolymph of male crabs from the Clyde or Tyne are related toVtg and 
thus indicative of pollution induced endocrine disruption. 
As with the crabs sampled from the contaminated field sites, Vtg was not present 
in the haemolymph of individual males which had been exposed in the laboratory for 6 
weeks at environmentally realistic levels to DEHP, methoxychlor, quercetin and 4-NP. 
Alien et al. (2002) also failed to detect Vtg in the haemolymph of C. maenas exposed to 
diethylstilbestrol (DES) and 4-NP at higher concentrations of 100 jlg L-1 for 21 days in 
the laboratory. 
There is currently no evidence to indicate that Vtg induction occurs in male 
decapods exposed to oestrogenic compounds. This suggests that either oestrogenic 
pollution poses little direct risk to male decapods, due to the absence of an ER, or that 
oestrogenic compounds, similar to vertebrate steroids, simply do not operate via this 
mechanism in crabs. Either way the risk to population dynamics remains unclear. It is, 
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therefore, still necessary to conduct trans-generational studies to examine the effects of 
xeno-oestrogens on decapod offspring. 
In ecotoxicology it is important to distinguish between general and specific 
biomarkers. General biomarkers are responses to the majority of environmental 
stressors and provide a quantitative measure of an organism's performance or ability to 
produce viable offspring. While scope for growth measurements may indicate whether 
sufficient energy is available for reproduction (Widdows and Donkin, 1992). Specific 
biomarkers are responses to single or specific groups of chemical contaminants and 
therefore diagnostic of exposure. 
Handy et al., (2003) recently reiterated caution against the assumption that 
biomarkers of exposure evaluate a causal relationship between pollutant concentration 
in the environment and that of the tissue. It is, therefore, essential to monitor the 
contaminant concentration at or in the affected cell or tissue to ascertain that the 
contaminant is directly the cause of the biomarker response and that in vivo 
concentrations are correlated with levels present in the environment (Handy et al., 
2003). It was not possible, within the scope of the present study, to evaluate either the 
route of exposure, or the concentrations of contaminants within the organism. While 
Vtg induction has been correlated with tissue loadings of APEs in wild flounder (Lye et 
al., 1999) and trout (Blackbum et al., 1999b), bioaccumulation factors (BAFs) and 
depuration rates of xeno-oestrogens like APEs have not been assessed in decapods. 
However, general bioconcentration factors (BCFs) and BAFs of APEs in aquatic biota, 
including algae, invertebrates and fish, range from 0.9 to 3400 (Servos, 1999). As a 
result it is difficult to draw conclusions on whether the lack of Vtg induction in male 
decapods exposed to oestrogenic and/or anti-oestrogenic compounds, in either the field 
or laboratory reflects their ability to detoxifY these compounds, or whether insufficient 
quantities of the compound were present. Alternatively, it may simply be that male 
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decapods, in contrast to other aquatic invertebrates (Shyu et al., 1986; Unuma et al., 
1998; Hahn et al., 2002), do not possess Vtg. 
Most biomarker studies conducted to date involve acute exposure to single 
contaminants. Long-term labomtory studies, which may serve as a reference point for 
developing biomarkers of chronic exposure or effects in the field, are in short supply 
(see Handy e.t al., (2003) for review). In the current study, P. elegans was exposed to 4-
NP from hatching to maturity, over a period of2 years and their haemolymph screened 
for the presence of Vtg to address the effects of long-term exposure. However, as with 
C. maenas, Vtg was only detected in the haemolymph of mature females. Consequently, 
these findings further support the contention that Vtg induction in male decapods is not 
a pmctical biomarker of oestrogenic exposure and thus agree with the findings of the 
EDMAR programme (Alien et al., 2002). 
Factors effecting biomarker responses in the field 
In the field, variability in biomarker responses may be attributed to abiotic 
factors (temperature, salinity, dissolved 0 2) or biotic factors (genotype, tolerance, age, 
size, sex) (Handy and Depledge, 1999; van Cleef et al., 2000; Sagerup et al., 2002). For 
example, while organochlorine and organophosphate insecticides are capable of 
inhibiting acetylcholinesterase (AChE) activity in decapod larvae (McHenry et al., 
1991; Key et al., 1998), AChE and glutathione S-transferase (GST) activities, differed 
significantly between C. riparius larvae held at different uncontaminated sites, 
reflecting the effects of a variety of biotic and abiotic influences (Olsen et al., 2001). 
Similarly, Bettinetti et al. (2002) reported on the tolemnce of C. riparius to the toxicant 
4-NP in populations derived from a polluted environment, in contrast to pristine sites, 
suggesting possible genotypic differences. In the current study, attempts were made to 
limit the influence of biotic factors, such as genotype, by pooling larvae from seveml 
adults. Furthermore, the use of larvae reduced the effects of biotic factors like age, size 
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and sex, since these parameters are the same for all individuals. As there were no 
detectable differences in the growth and development of larvae exposed to 4-NP and E2 
with respect to the control, it would appear that these factors have little influence. 
Similarly, there is some evidence from morphometric analysis that the left claw length 
and the length of the pleopods of male crabs in polluted estuaries may potentially 
represent a biomarker of oestrogenic exposure (Alien et al., 2002). It is important, 
however, to consider that biotic factors, such as the natural variability in the 
morphological characteristics of Carcinus sp. and the regenerative ability of arthropods, 
currently makes interpretation of these data inconclusive. 
While it is possible to regulate abiotic factors like temperature and salinity in the 
laboratory, these should be measured in the field where sampling occurs in order to 
assess their influence on biomarker responses. For example, the osmoregulatory 
capacity of marine Crustacea, is not particularly useful in biomonitoring, since it is 
neither specific to a mode of action nor is it independent of abiotic factors. Furthermore 
interpretation of results can be complicated where hydrographic differences exist 
between sites (Wedderburn et al., 1998). Abiotic factors were not determined for the 
sample sites used in the current field study; however, Vtg was not detected in male 
crabs from any of the sample sites, suggesting that these have little influence. 
Few studies investigating the effects of EDCs in the aquatic environment have 
addressed temporal or spatial variability in biomarker responses (Handy, 1994; 
Grasman el al., 1996). Although this was not a specific aim of the current investigations 
into Vtg induction in C. maenas, some of the sample sites used in this and the EDMAR 
study were similar (Alien et al., 2002). Furthermore, sampling was restricted to the 
summer months in both studies, but occurred in consecutive years. The inability to 
detect Vtg in male crabs within both the current and EDMAR studies (Alien et al., 
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2002) lends strong support to the lack of temporal and spatial variability of Vtg 
induction and the unsuitability of Vtg as a biomarker of oestrogenic contamination. 
C. maenas and P. e/egans as model species for ecotoxicology studies 
The current lack of data relating to the action of EDCs on temperate decapod 
Crustacea in part reflects their protracted life cycles. Within the course of this study it 
became apparent that certain life stages of P. elegans and particularly C. maenas were 
not particularly amenable for use in ecotoxicological assessments, despite previous 
reports. While both the adult stages were readily maintained in the laboratory, high 
rates of cannibalism necessitated individual culture and these problems were 
accentuated in mating experiments particularly with P. e/egans. In contrast to the 
juvenile or adult stages, P. elegans larvae were easily cultured in the laboratory, though 
C. maenas larvae were prone to disease and high rates of mortality. Furthermore, gravid 
female P. e/egans were prone to discard their eggs in the presence of contaminants 
making trans-generational investigations difficult. However, despite outstanding issues 
relating to embryonic culture, of the two species considered in this study, P. elegans 
offers the most potential as a model decapod for future investigations. 
Most oestrogenic screening assays, like the YES and E-screen assays are still 
based on vertebrate endocrinology. The applicability of these assays to invertebrates is 
questionable given our current knowledge of invertebrate endocrinology. It may, 
therefore, prove advantageous to develop bioassays similar to the YES and E-screen 
assay based on invertebrate oestrogen or ecdysteroid receptors. However, at present, a 
functional ER has not been identified in the Crustacea and should one be identified, then 
the fmdings of this study suggest that any adverse effects of oestrogenic exposure in 
invertebrates are not mediated by, or do not involve, the ER. 
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Histopathology 
Synthetic substances are also capable of affecting the endocrine system of 
vertebrates by mechanisms other than oestrogenicity, including primary toxicity to 
endocrine organs as well as on the ovary, testes and pancreas (Harvey and Johnson, 
2002). Secondary mechanisms of toxicity include adverse action on organs like the liver 
and kidneys, as well as deleterious effects on the nervous, immune, cardiovascular and 
gastrointestinal systems (Harvey and Johnson, 2002). Such effects are frequently 
apparent in histological aberrations of critical tissues and in some cases can represent 
biomarkers of exposure themselves. The use of histological biomarkers is highly 
advantageous in detecting long-term injury arising from chronic exposure and such 
biomarkers are relatively easy to assess in the field (Hinton et al., 1992). Recent 
attempts to develop and evaluate biomarkers of androgen exposure, indicated that an 
increase in the cell height of kidney epithelial cells from fish offers a potential 
histological biomarker of androgen exposure (Alien et al., 2002). Similarly, a 
significant reduction in the reproductive output and the size and number of seminal 
vesicles, or urogenital papiJiae, was observed in gobies exposed to the oestrogen EE2 (6 
ng L" 1) (Alien et al., 2002). 
ln invertebrates, histological aberrations of the reproductive tract of the 
amphipod, Hyalella azteca including indications of hermaphroditism, disturbed 
maturation of the germ cells, and disturbed spermatogenesis, have also been observed in 
second generation males exposed to EE2 (0.1-10 Jlg L-1) (Vandenbergh et al., 2003). 
Ovarian atresia was also observed in the crayfish, Procambarus clarkii, when exposed 
to naphthalene (Saroj ini et al., 1995). Furthermore, it has been suggested that structural 
abnormalities in developing oocytes of the amp hi pod, Gammarus pulex, sampled from 
below a sewage treatment plant, may be indicative of xeno-biotic interaction with the 
ecdysteroid receptor (Gross et al., 2001). It was the intention, of the present study, to 
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examine for histpathological effects of 4-NP exposure in P. elegans but problems with 
inadequate fixation prevented this. In vertebrates, however, nonylphenol has been noted 
to cause testicular degeneration via increased testicular cell apoptosis in medaka 
(Oryzias latipes) with no apparent effect on ovarian structure (Weber et al., 2002). 
Consequently, future histological investigations on the effects of xeno-oestrogens like 
4-NP on crustacean testes, heptopancreas and androgenic ·gland may prove more 
successful. 
Invertebrate biotransformation and metabolism of xeno-biotics 
Several studies have suggested endocrine disruption in decapods, such as the 
inhibitory effects of benzene on moulting in Callinectes sapidus (Cantelmo et al., 1981) 
and ovarian artresia in Procambarus clarkii exposed to naphthalene (Sarojini et al., 
1995), but few have noted direct suppression of, or altered, hormone action (Hanurnante 
et al., 1981 ). No clear evidence of endocrine disruption was apparent in the present 
investigation. A number of crustaceans including, Daphnia magna, Cancer pagarus, 
Macrobrachium rosenbergii, Callinectes sapidus and Artemia salina, however, are all 
capable ofbiotransforming and metabolising vertebrate steroids (Swevers et al., 1991b; 
Swevers et al., 1991 a; Baldwin and Le blanc, 1994; Parks and LeBlanc, 1996; Bald win 
et al., 1997; Shurin and Dodson, 1997; Bald win et al., 1998; Oberdorster et al., 1998c ). 
Such metabolites may be biologically inactive in invertebrates and could explain the 
lack of consistent effects of oestrogenic contaminants on invertebrates. Therefore, in 
order to explain some of the more notable indications of endocrine disruption in 
invertebrates, other modes of action, rather than direct interaction of pollutants with 
hormone receptors, may be responsible. For example, Nice et al. (2000) proposed that 
the hinge deformities observed in C. gigas D-larvae exposed to 4-NP may be a result of 
interference with calcium mobilisation. Following exposure to oestrogens, a reduction 
in the ability of reef building corals to form skeletons, has also been reported (Tarrant, 
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2004). Since there is some evidence, from studies using fish, that calcium mobilisation 
may be hormonally regulated by oestrogens (Persson et al., 1997), 4-NP could be 
interacting with invertebrate oestrogen receptor elements (EREs) or secondary systems 
active in non-reproductive processes. 
Alternatively, it is known that oestrogens are metabolized in a range of 
organisms, including fish (Williams et al., 1998; Fent, 2001) and Crustacea ( 
Oberdorster et al., 1998b; Snyder and Mulder, 2001), via common metabolic pathways 
involving cytochrome (CYP) P450 (Snyder, 1998a) and both sugar or sulphate 
conjugated enzymes (Fairs et al., 1989). For example, elevated benzo{a}pyrene 
hydroxylase activity has been reported in the crab, Carcinus aestuarii, sampled from 
contaminated sites (Fossi et al., 1998). Snyder (1998b) identified a new P450 family 
(CYP45) in the lobster, Homarus americanus, the expression of which was observed to 
coincide with changes in haemolymph ecdysteroids during the moult cycle (Snyder and 
Chang, 1991). It was later reported that levels of H. americanus cytochrome P450 were 
modified following exposure to both heptachlor and phenobarbitol (Snyder, 1998b ). 
Although the biological function of aquatic invertebrate P450 proteins requires 
further investigation, a variety of antisera produced against vertebrate CYPs, including 
CYP 1, CYP2, and CYP3, have been used with varying success as biomarkers of xeno-
biotic exposure in the mussel M · galloprovincialis (Livingstone et al., 1997; 
Livingstone et al., 2000). Similarly, Oberdorster et al. (1998b) showed that 
hepatopancreatic CYP3A-like protein levels increased in a concentration-dependant 
manner following TBT exposure in the blue crab, Callinectes sapidus. Snyder (2000), 
also noted a large percentage increase (10-15 fold) in CYP45 expression in lobster 
larvae following exposure to heptachlor. There is thus good evidence that expression of 
CYPs is affected by a variety of xeno-biotics and may serve as biomarkers of xeno-
biotic exposure. Consequently invertebrates may possess either highly efficient 
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detoxification systems, or may be unable to biotransform typically oestrogenic 
compounds into highly reactive or more potent metabolites. Such situations could 
explain the conflicting reports on the susceptibility of invertebrates to endocrine 
disruption. 
Susceptibilitv ofbenthic invertebrates to sediment derived exposure 
With the exception of barnacle (Billinghurst et al., 1998; Billinghurst et al., 
2000) and oyster larvae (Nice et al., 2000), the lowest observed and no observable 
effective concentrations of oestrogenic contaminants reported for a wide range of 
aquatic invertebrates (Comber et al., 1993; Bechmann, 1999) are well above the levels 
present in the environment (Alien et al., 2002). However, Brown et al. (1999) reported a 
significant reduction in the density and growth of populations of the amphipod 
Corophium volutator exposed to sediment treated with 10 j.lg L" 1 4-NP. The high 
concentrations of xeno-oestrogenic compounds associated with sediments is considered 
to be a significant factor in determining the high levels of bioaccumulation predicted in 
invertebrates associated with the sediment (Lai et al., 2002). In the U.K., oestrogenic 
activity, as measured by the YES assay, was highest in water and sediment samples 
taken from the Tees and Tyne. The main contaminants were E2, androsterone, 
nonylphenol (NP) and bis(2-ethylhexyl)phthalate (Alien et al., 2002). Sediments were 
noted to contain higher oestrogenic action compared to free water samples. NP, 
cinnarizine and cholesa-4,6-dien-3-one were the primary active agents. In contrast, 
androgenic activity was reportedly highest in the Clyde (Alien et al., 2002). PCBs 
(0.01-25 j.lg g" 1dw), PAHs (0.02-44 j.lg g"1dw) and nonylphenol (<0.01-60 j.lg g" 1dw) 
have also been recorded in sediment from the upper Detroit and lower Rouge Rivers in 
south-eastern Michigan, USA, (Kannan et al., 2001). 
Comparable samples from Spanish rivers and estuaries contained concentrations 
of NP as high as S0.59 j.lg g"1 in sediments and :S15 j.lg L"1 in water samples, while 
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NPnEOs and NPECs were found in water samples at concentrations 9ll and :::;35 J.lg L-1, 
respectively (Petrovic and Barcelo, 2001). Similar compounds were also found in 
discharges from a major sewage treatment works (3 J.lg L-1 NP, 45 J.lg L-1 NP1EO) and 
in sediments from two estuaries in north-east England; the highest levels from the Tees 
(1.6-9.0 J.lg g-1dw NP, 0.1-3.970 J.lg g-1dw NP1EO) and lower levels from the Tyne (30-
80 ng g-1dw NP, 0.16-1.4 J.lg g-1dw NP1EO) (Lye et al., 1999). Data from chronic 
toxicity tests using the benthic crustacean, Leptocheirus plumulosus, showed a 50% 
reduction in the average number of young produced per female in exposures to sediment 
from Jamaica Bay (NY) which contained NPnEO at 44.2 J.lg g-1dw. However 
nonylphenol-amended reference sediment did not elicit similar effects, suggesting that 
other contaminants may have contributed to the effects observed (Zulkosky et al., 
2002). Ergo, disturbances in the endocrine function of marine invertebrates are most 
likely to manifest themselves in those benthic species closely associated with the 
sediment. A similar dichotomy in the scale of effects between benthic and pelagic fish 
tends to support this hypothesis (Matthiessen et al., 1998). 
Current and future directions for biomarker development 
Deleterious effects of xeno-biotics on decapods include the inhibitory effects of 
endrin on prawn reproduction (Tyler-Schroeder, 1979), the inhibitory effects of dimilin 
and endosulfan on moulting and development of crabs (Cunningharn and Myers, 1987; 
Zou and Fingerman, 1999a) and abnormalities in limb regenerates of crabs exposed to 
methomyl, alachlor or carbufuran (Clare et al., 1992). Consequently, while the findings 
of this study suggest that xeno-oestrogens pose little threat to decapod crustaceans, there 
is a growing body of evidence indicating a link between contaminants and endocrine 
disruption. However, considering the effects observed in other Crustacea it is unlikely 
that xeno-oestrogens interfere with either moulting or reproduction via a receptor-
mediated action. 
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With regard to future directions for investigating endocrine disruption in the 
aquatic environment, a more comprehensive assessment of pollution and bio-monitoring 
than is currently possible could be achieved through the use a variety of invertebrate 
biomarkers. This however is problematic due to different tissue types, limited transfer of 
technology and limitations of both time and cost. A more pragmatic approach may be to 
consider impacts on highly conserved structural and functional subcellular components, 
where effects are likely to be predictive of pathology at the tissue level (see Handy et 
al., (2003) for review). A range of molecular biomarkers, such as single strand 
breakages in DNA, alteration in expression of cytochrome P450 catalases, lysosomal 
pathology and immunological responses has been proposed as indicative of xeno-biotic 
exposure in molluscs (see Livingstone et al., (2000) for review). More recently, the 
high incidence of leukaemia in clams sampled from polluted waters, linked to an over-
activity of mortalin Il preventing apoptosis, may offer a novel biomarker of 
environmental contamination in bivalves (Boettger et al., 2004). 
Over-expression of a membrane permeability glycoprotein (pgp), involved in 
cellular detoxification, has been linked to the multidrug (Juliano and Ling, 1976) and 
multi-xenobiotic resistance (MXR) (Thiebaut et al., 1987) of vertebrate cells. A similar 
MXR system has been identified in turbot (Scophthalmus maximus) and is currently 
being developed as an indicator of xenobiotic exposure (Tutundjian et al., 2002). 
However, although pgps have been identified in several bivalve molluscs (Minier et al., 
1993; Waldmann et al., 1995), the use of MXR assays for identifYing invertebrate 
exposure to xenobiotics remains in its infancy (Minier et al., 1999; Livingstone et al., 
2000). Such assays offer a novel approach for detecting both the adverse effects of 
pollutants and the natural ability of organisms to counter exposure. Consequently the 
use of MXR assays may help to evaluate the actual as opposed to potential threat posed 
to invertebrates by EDCs. 
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Heat shock proteins (HSPs), a family of stress proteins, are involved in protein 
folding, transport and intracellular signalling (Bukau and Horwich, 1998; Dittmar et al., 
1998; Sato el al., 2000). When cells undergo proteotoxic stress, for example heat shock, 
expression of various HSPs increases. They protect the stressed cells by their ability to 
recognise nascent polypeptides, unstructured regions of proteins and exposed 
hydrophobic stretches of amino acids and in doing so HSP chaperones hold, translocate 
or refold stress denatured proteins preventing irreversible aggregation with other 
proteins (Hart! and Hayer-Hartl, 2002; Neupert, 1997; Nollen and Morimoto, 2002). 
The use of stress proteins, particularly HSP60 and HSP70, to assess the effects of 
contaminant exposure has been well studied in invertebrates (Rochelle et al., 1991; 
Lundebye et al., 1995; Werner and Nagel, 1997; Lewis el al., 1999; Livingstone el al., 
2000). Snyder et al. (2001) noted, however, that the elevated HSP70 response of lobster 
larvae when exposed to heptachlor, was maintained for several days after removal of the 
stimulus and corresponded to high levels of mortality. It was concluded that the 
energetic cost of maintaining high HSP levels may, in itself, be responsible for reducing 
growth, development and survival of arthropod larvae (Krebs and Feder, 1997). 
Therefore, using HSP alone as a diagnostic biomarker of xeno-biotic exposure in 
crustacean larvae is inadvisable, since the biomarker itself may be having an adverse 
effect on the organism. 
However, in the absence of data indicating endocrine disruption in invertebrates, 
the development of primary biomarkers based, on neuro-endocrine or immunological 
systems may be more suitable to assess contaminant exposure. Such biomarkers, 
although still under development, have the potential to signal long term integrated 
effects of environmental pollution and stress (Smith el al., 2000; Galloway and 
Depledge, 200 I). 
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Conclusions 
Biomarkers present a rapid screening method for a wide variety of contaminants, 
specifically implicated as being detrimental to wildlife. Furthermore, biomarkers can 
provide advantages over standard ecotoxicological assessment methods and chemical 
monitoring. Additional biomarkers are still required, however, for a comprehensive 
assessment of the total health of an environment (Handy et al., 2003). The current study 
attempted to identify and develop biomarkers of exposure to oestrogenic contaminants 
for decapod Crustacea and reached the following conclusions: 
P. elegans and C maenas Lioovitellin 
The structure and subunit composition of lipovitellin from P. elegans and C. 
maenas is similar to that of other decapod crustaceans. Polyclonal antisera raised 
against lipovitellin of each species cross reacted with the 80 kDa lipovitellin subunit 
from the conspecific and allospecific. Furthermore, both antisera reacted with a 
polypeptide of approximately 80 kDa in egg homogenates from the crayfish P. 
leniuscu/us, while no cross reactivity with lipovitellin from cirripedes, annelids or 
asteroids, was observed. These fmdings suggest that certain subunits, or at least specific 
epitopes, are conserved within decapod crustaceans. Although further work 
encompassing a wider range of invertebrate (e.g. molluscs) and vertebrate (e.g. teleosts) 
taxa is required to confirm the unique presence of a common epitope in decapod 
lipovitellin, such an epitope may permit the future production of monoclonal antisera, 
significantly reducing the cost of future investigations. 
Female specific proteins in decapods 
Vitellin-like proteins were not detected in the haemolymph of male C. maenas 
or P. elegans, even at low levels in contrast to th.e situation in fish. Consequently, based 
on immunological investigations, Vtg appears to be a lipoprotein specific to C. maenas 
and P. e/egans females undergoing vitellogenesis. 
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Acute toxicity of 4-NP and fu 
The larvae of C. maenas and P. elegans were found to be among the most 
sensitive of any crustacean to 4-NP exposure. In contrast E2 was several orders of 
magnitude less toxic than 4-NP with an LC50 value(< 2mg L" 1) which greatly exceeded 
environmental concentrations. The concentrations of 4-NP maintained in the test 
solutions varied greatly over 24 h. Consequently, while static or semi-static experiments 
may rapidly assess the effects of xeno-biotics, they are very time consuming and often 
overestimate the actual exposure levels. The development of standardised flow through 
test systems, which incorporate monitoring and regulation of test concentrations, 
although costly, is highly recommended. 
Developmental effects of 4-NP and fu on decapod larvae 
The effects on life parameters of decapod larvae like growth, development and 
survival, as a result of exposure to oestrogenic contamination, appear minimal. The 
overall effect on population dynamics, however, remains unclear due to difficulties 
encountered in conducting trans-generational experiments. Initial observations suggest 
that prior exposure to, and/or the presence of oestrogenic contamination may interfere 
with the ability of prawns to carry embryos to hatching; this may, however, simply 
reflect a general response to toxicants or stress. 
Larval storage proteins (CMP analogues) 
While proteins immunoreactive to lipovitellin antisera were present in P. e/egans 
and C. maenas larvae, preliminary data suggests that they are not structurally related to 
lipovitellin and are unlikely to represent analogues ofCMP. Nevertheless, these proteins 
do show similarities to the moult-regulating protein cryptocyanin. Significant changes 
in the cryptocyanin-like protein titres of P. elegans larvae, following exposure to 
environmentally realistic concentrations of the natural oestrogen E2 and the xeno-
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oestrogen 4-NP, were detected using an ELISA. Such changes were not detected in C. 
maenas larvae using the ELISA, which requires further development for this purpose. 
Vtg induction in decaoods as a biomarker of oestrogenic contamination 
The induction of Vtg in male teleosts is a useful biomarker of exposure to 
oestrogenic contaminants in the field. The results presented here suggest that Vtg 
induction does not represent a comparable biomarker of exposure in decapod 
crustaceans. Furthennore, there is no evidence to suggest that male decapods possess 
the Vtg gene. Further investigations into Vtg induction as a biomarker of xeno-biotic 
exposure in decapods are inadvisable until such data are available. 
SUMMARY 
The current study failed to provide unequivocal evidence for the ability of 
natural or xeno-oestrogens to interfere with the endocrine systems of decapod 
crustaceans. Overall the available evidence suggests that oestrogenic contaminants pose 
little environmental risk to decapods at levels presently reported in the environment. It 
is important, however, to reiterate that many of the most significant detrimental effects 
observed in aquatic invertebrates are realised in the second or third generations. Due to 
the relatively long life cycle of decapods, typically 1 year or more, long tenn trans-
generational experiments will require a considerable commitment of time and resources, 
particularly with regard to culturing facilities. 
Nevertheless, the finding that P. elegans cryptocyanin-like protein levels are 
sensitive to oestrogenic exposure is suggestive of endocrine disruption. It is now 
necessary to examine the endocrine regulation of this protein in detail so that it's 
potential as a biomarker of endocrine disruption can be assessed. 
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1 0 Appendices 
10.1 Appendix 1 
Appendix 1 : One way analysis of variance on survival of C. maenas larvae exposed to 4-NP (0.2, 2, 
20 f.lg L-1), E2 (0.2, 20 f.lg L-1) or acetone on consecutive days. Presented with Tukeys pairwise 
comparisons where p<0.05; 95% confidence intervaJs of differences in means given in parentheses. * 
denotes significant differences between treatments at 5% level 
Day3 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 17.90 6 2.98 1.57 >0.05 
Residuals 26.67 14 1.90 
Total 44.57 20 
Day4 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 20.57 6 3.43 1.80 >0.05 
Residuals 26.67 14 1.90 
Total 47.24 20 
DayS 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 14.48 6 2.41 0.44 >0.05 
Residuals 77.33 14 5.52 
Total 91.81 20 
Day6 
Source of Sum of Degrees of Mean Square F-VaJue Probability 
Variation Sguares Freedom 
Survival 34.29 6 5.71 0.70 >0.05 
Residuals 114.7 14 8.19 
TotaJ 148.9 20 
Day7 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 114.7 6 19.1 0.75 >0.05 
Residuals 357.3 14 25.5 
TotaJ 472.0 20 
DayS 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 158.5 6 26.4 0.94 >0.05 
Residua1s 394.7 14 28.2 
Total 553. 1 20 
Day9 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 182.5 6 30.4 1.10 >0.05 
Residuals 386.7 14 27.6 
Total 569. 1 20 
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Appendix 1 ( cont ): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 J.lg L-L), E2 (0.2, 20 J.lg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. • denotes significant differences between treatments at 5% level 
Day 10 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 301.3 6 50.2 1.58 >0.05 
Residuals 445.3 14 31.8 
Total 746.7 20 
Da 11 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 313 .9 6 52.3 L.IO >0.05 
Residuals 666.7 14 47.6 
Total 980.6 20 
Dayl2 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 295.2 6 49.2 0.96 >0.05 
Residuals 720.0 14 51.4 
Total 1015.2 20 
Day 13 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 386.3 6 64.4 1.52 >0.05 
Residuals 594.7 14 42.5 
Total 981.0 20 
Day 14 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 488.0 6 81.3 2. 15 >0.05 
Residuals 530.7 14 37.9 
Total 1018.7 20 
Day 15 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 626.7 6 104.4 2.8 1 >0.05 
Residuals 520.0 14 37. 1 
Total 1146.7 20 
Day 16 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9uares Freedom 
Survival 1117.3 6 186.2 2.38 >0.05 
Residuals 1093.3 14 78. 1 
Total 22 10.7 20 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 Jlg L-1 ), E2 (0.2, 20 Jlg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
Oa 17 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 2254.5 6 375.7 4.85 <0.05 
Residuals 1085.3 14 77.5 
Total 3339.8 20 
Acetone Control 0.2J1gL'
1 20J1gL· 0.2JlgL·' 21JgL·' 
Ez ~ 4-np 4-np 
20J1gL·1 10.00 14.67 -4 .00 -10.00 -19.33 0.00 
4-np (-14.6,34.6) (·9.9,39.22) ( -28.6,20.6) (-34.6, 14.6) (43.9,5.2) (-24.6,24.6) 
2J1gL'1 10.00 14.67 -4.00 -10.00 -19.33 
4-np (-14.6,34.6) (-9.9,39.2) ( -28.6,20.6) (-34.6, 14.6) (43.9,5.2) 
0.2J1gL'1 29.33* 34.00* -23.33 -29.33* 
4-np (4.8,53.9) (9.5,58.6) (-47.9, 1.2) (-53.9,-4.8) 
20JtgL'1 0.00 4.67 -6.00 
E2 (-24.6,24.6) (-19.9,29.2) (-30.6,18.6) 
0.2JtgL' 1 6.00 10.67 
E2 ( -18.6,30.6) (-13.9,352) 
Control -4.67 ( -29.2, 19.9) 
Oay 18 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 3314.7 6 552.4 7.46 <0.05 
Residuals 1037.3 14 74.1 
Total 4352.0 20 
Acetone Control 0.2J1gL·' 20J1gL'
1 0.2J1gL·1 21JgL'1 
Ez Ez 4-np 4-np 
20J1gL'1 9.33 14.67 -2.00 - 10.00 -26.67* 0.00 
4-np (-14.7,33.3) (-9.3,38.7) ( -26.0,22.0) (-34.0, 14.0) (-50.7,-2.7) ( -24.0,24.0) 
2J1gL' 1 9.33 14.67 -2.00 -10.00 -26.67* 
4-np ( -14 .7 ,33.3) (-9.3,38.7) (-26.0,22.0) (-34.0, 14.0) (-50.7,-2.7) 
0.21JgL' 1 36.00* 41.33* -28.67* -36.67* 
4-np (12.0,60.0) (17.3,65.3) (-52.7,4 .7) (-60.7,-12.7) 
20JtgL·1 
-0.67 4.67 -8.00 
~ (-24.7,23.3) (-19.3,28.7) ( -32.0, 16.0) 
0.21JgL'1 7.33 12.67 
Ez (- 16.7,31.3) (-11.3,36.7) 
Control -5.33 (-29 .3,18.7) 
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Appendix 1 ( cont ): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 11g L-1), ~ (0.2, 20 11g L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. • denotes signjficant differences between treatments at 5% level 
Day 19 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 4023.6 6 670.6 10.42 <0.001 
Residuals 901.30 14 64.4 
Total 4925.0 20 
Acetone Control 0.2f.1gL·' 20f.1gL·' 
0.2f.1gL·' 2f.1gL·' 
Ez El 4-np 4-np 
20f.1gL·' 14.00 16.67 -7.33 -1 4.67 -26.67* 4.00 
4-np ( -8.4,36.4) (-5.7,39. 1) (-29.7,15.0) (-37.1,7.7) (-49.0,-4.3) (-18.4,26.4) 
2f.1gL·' 10.00 12.67 -3.33 -10.67 -30.67* 
4-np ( -12.4,32.38) (-9.7,35.1) (-25.7, 19.0) (-33.1, 11.7) (-53.0,-8.3) 
0.211gL"1 40.67* 43.33* -34.00* -4 1.33* 
4-np (18.3,63.0) (20.9,65.7) ( -56.4,- 11.6) (-63.7,-18.9) 
20f.1gL·' 
-0.67 2.00 -7.33 
E2 (-23. 1,2 1.7) (-20.4,24.4) (-29.7, 15. 1) 
0.211gL-1 6.67 9.33 
Ez (-15.7,29.0) (-13.1,3 1.7) 
Control -2.67 (-25. 1, 19.7) 
Day 20 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 5046.5 6 84 1.1 12.73 <0.001 
Residuals 925.3 14 66. 1 
Total 5971 .8 20 
Acetone Control 0.2f.1gL·' 2011gL-
1 0.2,...gL·' 2JtgL·' 
Ez Ez 4-np 4-np 
20f.lgL· ' 14.00 18.67 -6.67 - 15.33 -30.67* 0.00 
4-np (-8.7,36.7) ( -4.0,41.3) ( -29.3, 16.0) (-38.0,7.3) (-53.3,-8.0) ( -22.67 ,22.67) 
2JtgL-1 14.00 18.67 -6.67 -15.33 -30.67* 
4-np (-8.7,36.7) ( -4.0,41.3) ( -29.3, 16.0) ( -38.0,7 .3) (-53.3,-8.00) 
0.2~tgL· ' 44.67* 49.33* -37.33* -46.00* 
4-np (22.0,67 .3) (26.7,72.0) (-60.0,-14.7) (-68.7,-23.3) 
20JtgL· ' 
- 1.33 3.33 -8.67 
E2 (-24.0,21.3) (-19.3,26.0) (-31.3, 14 .0) 
0.2ptgL·' 7.33 12.00 
E2 (-15.3,30.0) (-10.7,34.7) 
Control -4.67 (-27.3, 18.0) 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 llg L-1 ), ~ (0 .2, 20 llg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. *denotes significant differences between treatments at 5% level 
Day21 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 5620.6 6 936.8 15.27 <0.001 
Residuals 858.7 14 61.3 
Total 6479.2 20 
Acetone Control 0.2J.tgL-
1 20J1gL-1 0.2J1gL"1 2JLgL-1 
Ez Ez 4-np 4--np 
20JagL"1 17.33 19.33 -8.67 - 17.33 -31.33* 2.67 
4--np (-4.5,39.2) (-2.5,41.2) (-30.5,13.2) (-39.2,4.5) (-53.2,-9.5) (- 19.2,24.5) 
2JLgL"1 14.67 16.67 -6.00 -14.67 -34.00* 
4-np (-7.2,36.5) (-5.2,38.5) (-27.8,15.8) (-36.5, 7 2) (-55.8,-12.2) 
0.2JLgL"1 48.67* 50.67* -40.00* -48.67* 
4-np (26.8, 70.5) (28.8,72.5) (-61.8,-18.2) ( -70.5,-26.8) 
20J.tgL"1 0.00 2.00 -8.67 
Ez (-2 1.8,21.8) (-19.8,23.8) (-30.5,13.2) 
0.2JLgL"1 8.67 10.67 
Ez (-13.2,30.5) ( -11.2,32.5) 
Control -2.00 (-23.8,19.8) 
Day22 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 6253.0 6 1042.2 18.12 <0.001 
Residuals 805.3 14 57.5 
Total 7058.3 20 
Acetone Control 0.2J.tgL"
1 20J1gL"1 0.2J1gL"1 2J1gL"1 
Ez Ez 4-np 4--np 
20JLgL"1 22.67* 24 .67* -1 2.67 -20.67 -28.67* 6.67 
4--np (1.5,43.8) (3.5,45.8) ( -33.8,8.5) ( -41.8,0.5) (-49.8,-7.5) ( -14.5,27 .8) 
2J.tgL"1 16.00 18.00 -6.00 - 14.00 -35.33* 
4--op (-5.2,37.2) (-3.2,39.2) (-27.2, 15.2) (-35.2,7.2) (-56.5,-14.2) 
0.2J.tgL-1 51.33* 53.33* -41.33* -49.33* 
4--np (302,72.5) (322,74.5) (-62.5,-20.2) (-70.5,-28.2) 
20J.tgL"1 2.00 4.00 -8.00 
Ez (-19.2,23.2) (-17.2,25.2) (-29.2,13.2) 
0.2JLgL"1 10.00 12.00 
Ez ( -1 1.2,31.2) (-9.2,33.2) 
Control -2.00 (-23.2,19.2) 
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Appendix 1 { cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 J.lg L-1), ~ (0.2, 20 J.lg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
Day23 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 6381.0 6 1063.5 14.65 <0.001 
Residuals 1016.0 14 72.6 
Total 7397.0 20 
Acetone Control 0.2J1gL-
1 20J1gL-1 0.2J1gL- 2J1gL:r 
E2 Ez 4-np 4-np 
20J1gL-1 24.67* 27.33* -12.67 -18.00 -28.00* 8.00 
4-np (0.91 ,48.43) (3.57,51.09) ( -36.43, I 1.09) (-41.76,5.76) (-5 1.76,-4.24) (-15.76,3 1.76) 
2J1gL-1 16.67 19.33 -4.67 - LO.OO -36.00* 
4-np ( -7 .09,40.43) (-4.43,43.09) (-28.43, 19.09) (-33.76, 13.76) (-59.76,-12.24) 
0.2J1gL-1 52.67* 55.33* -40.67* -46.00* 
4-np (28.91,76.43) (3 1.57, 79.09) (-64.43,-16.91) (-69.76,-22.24) 
20J1gL-1 6.67 9.33 -5.33 
E2 (- 17.09,30.43) (-14.43,33.09) (-29.09,18.43) 
0.2J1gL-1 12.00 14.67 
E2 (-1 1.76,35.76) (-9.09,38.43) 
Control -2.67 ( -26.43,2 1.09) 
Day24 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 8852.6 6 1475.4 15.74 <0.001 
Residuals 1312.0 14 93.7 
Total 10164.6 20 
Acetone Control 0.2J1gL-
1 20J1gL-1 0.2J1gL-1 2J1gL-1 
El E2 4-np 4-np 
20J1gL-1 30.00* 33 .33* -18.00 -19.33 -32.00* 9.33 
4-np (3.0 I ,56.99) (6.34,60.33) (-44.99,8.99) (-46.33,7.66) (-58.99,-5.01) (-17.66,36.33) 
2plgL'1 20.67 24.00 -8.67 - 10.00 -4 I .33* 
4-np (-6.33,47.66) (-2.99,50.99) (-35.66, 18.33) (-36.99, 16.99) (-68.33,-14.34) 
0.2J1gL-1 62.00* 65.33* -50.00* -5 1.33* 
4-np (35.0 1,88.99) (38.34,92.33) (-76.99,-23.01 ) (-78.33,-24.34) 
20J.lgL-1 10.67 14.00 -1.33 
Ez ( -16.33,37.66) (-12.99,40.99) (-28.33,25.66) 
0.2JtgL-1 12 .00 15.33 
E2 (-14.99,38.99) (- 11 .66,42.33) 
Control -3.33 (-30.33,23.66) 
302 
Appendix 1 ( cont ): One way analysis of variance on survival of C. maenas Larvae exposed to 4-
NP (0.2, 2, 20 11g L- L), ~ (0.2, 20 Jig L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. *denotes significant differences betvveen treatments at 5% level 
Day25 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 10078 6 1679.7 1.00 <0.00 1 
Residuals 1125.3 14 80.4 
Total 11203 20 
Acetone Control 0.2J1gL·
1 20J1gL·1 0.2J1gL·1 2J1gL·1 
Ez Ez 4-np 4-np 
20J1gL'1 36.67* 40.67* -25.33* -22.67 -28.00* 15.33* 
4-np (11.66,61.67) (15.66,65.67) (-50.34,-0.33) (-47.67,2.34) (-53.00,-3.00) (-9.67,40.34) 
2J1gL·1 21.33 25.33* - 10.00 -7.33 -43.33* 
4-np (-3.67,46.34) (0.33,50.34) (-35.00,15.00) (-32.34, 17.67) (-68.34,-18.33) 
0.2J1gL' 1 64.67* 68.67* -53.33* -50.67* 
4-np (39.66,89.67) (43.66,93.67) (-78.34,-28.33) (-75.67,-25.66) 
20J1gL'1 14.00 18.00 2.67 
Ez ( -11.00,39.00) (-7.00,43.00) (-22.34,27.67) 
0.2J1gL·1 11.33 15.33 
Ez (-13.67,36.34) (-9.67,40.34) 
Control -4.00 (-29 .00,21.00) 
Day 26 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 101 16 6 1686.1 2 1.38 <0.001 
Residuals 1104 14 78.9 
Total 11220 20 
Acetone Control 0.2J1gL'
1 20J1gL' 1 0.2J1gL' 1 2JJ-gL' 1 
Ez Ez 4-np 4-np 
20J1gL·1 38.00* 44.00* -27.33* -25.33* -24.67 14.67 
4-np (13.23,62.77) ( 19.23,68.77) (-52. 10 ,-2.56) (-50. 10,-0.56) (-49.44,0.10) (-1 0.1 ,39.44) 
2J1gL·1 23.33 29.33* -12.67 - 10.67 -39.33* 
4-np (-1.44,48. 1) (4.56,54.1) (-37.44, 12.10) ( -35.44,14. 1 0) (-64.10,-14.56) 
0.2J1gL' 1 62.67* 68.67* -52.00* -50.00* 
4-np (37.90,87.44) (43.90,93.44) (-76.77,-27.23) (-74 .77,-25.23) 
20J1gL·1 12.67 18.67 2.00 
Ez (-12.10,37.44) (-6.10,43.44) ( -22.77 ,26. 77) 
0.2J1gL·1 10.67 16.67 
Ez (-14. 10,35.44) (-8.10,4 1.44) 
Control -6.00 (-30.77, 18.77) 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 ~g L-1 ), E2 (0.2, 20 ~g L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. • denotes significant differences between treatments at 5% level 
Day27 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 11410 6 1907.7 19.13 <0.001 
Residuals 1392 14 99.4 
Total 12802 20 
Acetone Control 0.2J1gL-
1 20J1gL-1 0.2J1gL-1 2J1gL-
El Ez 4-np 4-np 
20J1gL-1 43.33* 48.00* -30.00* -26.67* -23 .33 12.67 
4-np (15.53,7 1.14) (20.20,75.80) (-57.80,-2.20) (-54.47,1.14) (-5 1.14,4.47) (-1 5.14,40.47) 
2JtgL-1 30.67* 35.33* -17.33 -14.00 -36.00* 
4-np (2.86,58.4 7) (7.53,63 .14) (-45.14,10.47) (-4 1.80, 13.80) (-{;3.80,-8.20) 
0.2J1gL-1 66.67* 71.33* -53.33* -50.00* 
4-np (38.86,94.47) (43.53,99. 14) (-8 1.1 4,-25.53) (-77.80,-22.2) 
20J1gL-1 16.67 2 1.33 3.33 
E1 (-11.14,44.47) (-{;.47,49.14) (-24.47,3 1.14) 
0.2~tgL-1 13.33 18.00 
E1 (-1 4.47,4 1.14) ( -9.8,45 .8) 
Control -4.67 (-32.47,23.14) 
Day28 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 10975 6 1829.2 19.76 <0.001 
Residuals 1296.0 14 92.6 
Total 12271 20 
Acetone Control 0.2J1gL· ' 20J1gL- 0.2JtgL~ 2JtgL~ E1 E1 4-np 4-np 
20J1gL-1 44.00* 46.00* -28.67* -28.67* -22.67 14.00 
4-np (17. 17,70.83) (19.17,72.83) (-55.5,-1.83) (-55.5,-1.83) (-49.5,4. 17) (- 12.83,40.83) 
2JtgL-1 30.00* 32.00* - 14.67 - 14.67 -36.67* 
4-np (3.17 ,56.83) (5. 17 ,58.83) (-41.5, 12.17) (-41.5.12. 17) (-63.50,-9.83) 
0.2J1gL-1 66.67* 68.67* -51.33* -5 1.33* 
4-np (39.83,93.50) (41 .83,95.50) (-78.17,-24.5) (-78.17,-24.5) 
20J1gL-1 15.33 17.33 0.00 
E1 ( -11.50,42.17) (-9.50,44.17) ( -26.83,26.83) 
0.2J1gL-1 15.33 17.33 
El ( - 11.50,42.17) (-9.50,44.17) 
Control -2.00 ( -28.83,24.83) 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 j.lg L-1), E2 (0.2, 20 j.lg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
Day29 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 10861 6 1810 17.70 <0.001 
Residuals 1432.1 14 102 
Total 12293 20 
Acetone Control 0.2J1gL'
1 20J1gL·1 0.2J1gL·1 2J1gL' 1 
Ez Ez 4-np 4-np 
20J1gL·1 45.34* 45.34* -27.34 -28.67* -22.00 13.34 
4-np (17. 18,73.50) (17. 18,73.50) ( -55.50,0.82) (-56.83,-0.510) ( -50.16,6.16) (-14.82,41.50) 
2JJ.gL·1 32.00* 32.00* -14.00 -15.33 -35.34* 
4-np (3 .84,60.16) (3.84,60.16) (-42. 16,14.16) (-43.49,12.83) (-63.50,-7.18) 
0.2J1gL'1 67.34* 67.34* -49.34* -50.67* 
4-np (39.18,95.50) (39.18,95.50} (-77.50,-21.18) (-78.83,-22.51) 
20J1gL'1 16.67 16.67 -1.33 
El (-11.49,44.83) (-11.49,44.83) (-29.49,26.83) 
0.2JJ.gL·1 18.00 18.00 
Ez (-10.16,46. 16) (-10. 16,46.16) 
Control 0.00 (-28.16,28.16) 
Day30 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 10674 6 1779 17.93 <0.001 
Residuals 1389.3 14 99.2 
Total 12063 20 
Acetone Control 0.2J1gL'
1 20J1gL'1 0.2JJ.gL·1 2J1gL :r 
Ez Ez 4-np 4-np 
20J1gL'1 43.33* 46.67* -29.33* -26.67 -21.33 12.00 
4-np (15.56,71.11) ( 18.89,74.44) (-57. 11 ,-1.56) ( -54.44, 1.11) (-49. 11 ,6.44) (-15.77,39.77) 
2J1gL·1 31 .33* 34.67* -17.33 -14.67 -33.33* 
4-np (3.56,59. 11 ) (6.89,62.44) (-45.11 ,10.44) (-42.44,13. 11 ) (-6 1.11 ,-5.56) 
0.2J1gL·1 64.67* 68.00* -50.67* -48.00* 
4-np (36.89,92.44) (40.23,95.77) (· 78.44,-22.89) (-75.77,-20.23) 
20J1gL'1 16.67 20.00 2.67 
Ez (-1 1.11 ,44.44) (-7.77,47.77) (-25.11 ,30.44) 
0.2J1gL·1 14.00 17.33 
Ez (-13 .77,41.77) (-10.44,45.11 ) 
Control -3.33 (-3 1.11 ,24.44) 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 11g L-1 ), ~ (0.2, 20 Jlg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
Day 31 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 9874 6 1646 11.28 <0.001 
Residuals 2043 14 146 
Total 11917 20 
Acetone Control 0.2JlgL'
1 20J,lgL· 0.2JlgL' 1 2JlgL·' 
Ez E2 4-np 4-np 
20JlgL·' 40.67* 46.00* -26.00 -26.67 -20.00 8.67 
4-np (6.98,74.36) (12.3 1,79.69) (-59.69,7.69) (-60.36,7.02) (-53.69, 13.69) (-25.02,42.36) 
2JlgL·' 32.00 37.33* -17.33 -18.00 -28.67 
4-np ( -1.69,65.69) (3.64,71.02) ( -5 1.02, 16.36) {-5 1.69,15.69) (-62.36,5.02) 
0.2J,lgL'1 60.67* 66.00* -46.00* -46.67* 
4-np (26.98,94.36) (32.3 1 ,99.69) (-79.69,-12.3 I) (-80.36,-12.98) 
20J,lgL' 1 14.00 19.33 -0.67 
E2 (-19.69,47.69) (-14.36,53.02) (-34.36,33.02) 
0.2JlgL·1 14.67 20.00 
Ez (-19.02,48.36) (-13.69,53.69) 
Control -5.33 (-39.02,28.36) 
Day 32 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 8862 6 1477 7.07 <0.001 
Residuals 2925 14 209 
Total 11788 20 
Acetone Control 0.2JlgL·
1 20JlgL·' 0.2JlgL' 1 2J,lgL·1 
E2 Ez 4-np 4-np 
20f.1gL'1 36.00 46.66* -21.33 -18.66 -17.34 1.33 
4-np (-4.3 1,76.31) (6.35,86.97) (-61.64, 18.98) (-58.97 ,2 1.65) (-57 .65,22.97) (-38.98,41.64) 
2JlgL'1 34.67 45.33* -20.00 - 17.33 -18.67 
4-np (-5.64,74.98) (5.02,85.64) (-60.31 ,20.3 1) (-57.64,22.98) (-58.98,2 1.64) 
0.2f.1gL·' 53.34* 64.00* -38.67 -36.00 
4-np (13.03,93.65) (23.69, 104.3 1) ( -78.98, 1.64) (-76.3 1,4.3 1) 
20f.1gL' 1 17.34 28.00 2.67 
E2 (-22.97,57.65) (-12.3 1,68.3 1) (-37.64,42.98) 
0.2f.1gL·1 14.67 25.33 
E2 (-25.64,54.98) (-14.98,65.64) 
Control -10.66 ( -50.97 ,29.65) 
306 
Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 Jlg L-1 ), ~ (0.2, 20 JJg L-1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes sign ificant d ifferences between treatments at 5% level. 
Day33 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 8700 6 1450 5. 14 <0.05 
Residuals 3952 14 282 
Total 12652 20 
Acetone Control 0.2J1gL-' 20J1gL-
1 0.2J1gL·' 2J1gL-1 
El E1 4-np 4-np 
20J1gL-1 39.33 50.00* -23.33 - 19.33 -7.34 -2.67 
4-np (-7.50,86.16) (3. 17,96.83) (-70.16,23.50) (-66.16,27.50) (-54.17,39.49) (-49.50,44.16) 
2J.1gL-1 42.00 52.67* -26.00 -22.00 -4.67 
4-np (-4.83,88.83) (5.84,99.50) (-72.83,20.83) (-68.83,24.83) ( -5 1.5,42.16) 
0.2J1gL-1 46.67 57.34* -30.67 -26.67 
4-np (-0.16,93.50) (10.5 1, 104.17) (-77.50, 16.16) ( -73.50,20.16) 
20J.LgL-1 20.00 30.67 4.00 
E2 ( -26.83,66.83) (-1 6.16,77.50) ( -42.83,50.83) 
0.2J.LgL-' 16.00 26.67 
E2 ( -30.83.62.83) ( -20.16, 73.50) 
Control -10.67 (-57.50,36.16) 
Day 34 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 8276 6 1379 5.5 1 <0 .05 
Residuals 3504 14 250 
Total 11780 20 
Acetone Control 0.2J.LgL-' 20J1gL-
1 0.2J1gL- 2J1gL-1 
E1 ~ 4-np 4-np 
20J.LgL-1 40.00 50.67* - 19.34 -18.00 -4.00 -2.00 
4-np (-4.09,84.09) (6.58,94.76) ( -63.43,24. 75) ( -62.09,26.09) (-48.09,40.09) ( -46.09,42.09) 
211gL-1 42.00 52.67* -21.34 -20.00 -2.00 
4-np (-2.09,86.09) (8.58,96.76) (-65.43,22.75) (-64.09,24.09) (-46.09,42.09) 
0.2J1gL-' 44.00 54.67* -23.34 -22.00 
4-np (-0.09,88.09) ( I 0.58,98. 76) (-67.43,20.75) (-66.09,22.09) 
20J1gL-' 22.00 32.67 1.34 
E2 ( -22.09,66.09) (-11.42,76.76) ( -42. 75,45.43) 
0.2J1gL-1 20.66 3 L.33 
E2 (-23.43,64.75) ( -12.76, 75.42) 
Control - 10.67 (-54.76,33.42) 
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Appendix 1 ( cont): One way analysis of variance on survival of C. maenas larvae exposed to 4-
NP (0.2, 2, 20 J.tg L-1), E2 (0.2, 20 J.tg L- 1) or acetone on consecutive days. Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. • denotes significant differences between treatments at 5% level 
Day35 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 4473.9 6 745.7 9.02 <0.05 
Residua1s 1157.3 14 82.7 
Tota l 5631 .2 20 
Acetone Control 0.2J1gL-
1 20J1gL-1 0.2J1gL-1 2J1gL-1 
E1 Ez 4-np 4-np 
20J1gL-1 20.00 41.33* -12.67 -19.33 -2.00 -1.33 
4-np (-5.36,45.36) (15.97,66.69) ( -38.03, 12.69) (-44.69,6.03) ( -27 .36,23.36) (-26.69,24.03) 
2~lgL- 1 2 1.33 42.67* -14.00 -20.67 -0.67 
4-op (-4 .03,46.69) (17.31 ,68.03) (-39.36,11.36) (-46.03,4.69) (-26.03,24.69) 
0.2J1gL-1 22.00 43.33* -14.67 -2 1.33 
4-op (-3 .36,47.36) (17.97,68.69) (-40.03,10.69) (-46.69,4.03) 
20J1gL-1 0.67 22.00 -6.67 
Ez (-24.69,26.03) (-3 .36,47.36) ( -32.03, 18.69) 
0.2J1gL-1 7.33 28.67* 
~ ( -18.03,32.69) (3.3 1 ,54.03) 
Control -21 .33 (-46.69,4.03) 
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1 0.2 Appendix 2 
Appendix 2: One way analysis of variance on survival of P. elegans larvae exposed to either 4-NP 
(0.2, 2, 20 ~g L-1), ~ (0.2, 20 ~g L-1) or acetone on consecutive days. Presented with Tukeys pairwise 
comparisons where p<0.05; 95% confidence intervals of differences in means given in parentheses. • 
denotes significant differences between treatments at 5% level 
DAY3 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 1.143 6 0.190 1.00 >0.05 
Residuals 2.667 14 0.190 
Total 3.810 20 
DAV4 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 14.48 6 2.4 1 0.79 >0.05 
Residuals 42.67 14 3.05 
Total 57.14 20 
DAYS 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 19.81 6 3.30 0.54 >0.05 
Residuals 85.33 14 6.10 
Total 105. 1 20 
DAY6 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 27.81 6 4.63 1.0 I >0.05 
Residuals 64.00 14 4.57 
Total 91.81 20 
DAY 7 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 23.24 6 3.87 0.78 >0.05 
Residuals 69.33 14 4.95 
Total 92.57 20 
DAYS 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 34.67 6 5.78 1.26 >0.05 
Residuals 64.00 14 4.57 
Total 98.67 20 
DAY9 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 41. 14 6 6.86 1.50 <0.05 
Residuals 64.00 14 4.57 
Total 105.1 20 
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Appendix 2 (cont): One way analysis of variance on survival of P. elegans larvae exposed to 
either 4-NP (0.2, 2, 20 Jlg L-1), Eq (0.2, 20 Jlg L-1) or acetone on consecutive days. Presented with 
Tuk.eys pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
DAY JO 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 69.33 6 L 1.56 2.09 <0.05 
Residuals 77.33 14 5.52 
Total 146.7 20 
DAY 11 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 100.29 6 16.71 2.53 >0.05 
Residuals 92.67 14 6.62 
Total 192.9 20 
DAY 12 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 142.48 6 23.75 2.70 >0.05 
Residuals 123.33 14 8.81 
Total 265.81 20 
DAY 13 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 177.9 6 29.7 2. 15 >0.05 
Residuals 192.7 14 13.8 
Total 370.6 20 
DAY14 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation S9!!<!fes Freedom 
Survival 269.2 6 44.9 2.06 >0.05 
Residuals 305.3 14 2 1.8 
Total 574.6 20 
DAY15 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 259.1 6 43.2 2.00 >0.05 
Residuals 302.7 14 2 1.6 
Total 561.8 20 
DAY 16 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Sguares Freedom 
Survival 284.5 6 47.4 2.29 >0.05 
Residuals 289.3 14 20.7 
Total 573.8 20 
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Appendix 2 (cont): One way analysis of variance on survival of P. elegans larvae exposed to 
either 4-NP (0.2, 2, 20 Jlg L-1), ~ (0.2, 20 Jlg L-1) or acetone on consecutive days. Presented with 
Tukeys paiJwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
DAY 17 
Source of 
Variation 
Survival 
Residuals 
Total 
DAY18 
Source of 
Variation 
Survival 
Residuals 
Total 
20J1gL-1 
4-np 
2J1gC1 
4-np 
0.2J1gL-1 
4-np 
20J1gL-1 
Ez 
0.2J1gL-1 
Ez 
Acetone 
Sum of 
Squares 
316.3 
404.0 
720.3 
Sum of 
Squares 
494.0 
366.7 
860.7 
Control 
0.34 
(-1 3.93, 14.6 1) 
12.34 
(-1.93, 26.61) 
4.34 
(-9.93, 18.61) 
3.00 
(-11.27,17.27) 
7.00 
(-7.27,21.27) 
-3.66 
(-17.93, 10.61) 
Degrees of Mean Square F-Value Probability 
Freedom 
6 52.7 1.83 >0.05 
14 28.9 
20 
Degrees of Mean Square F-Value Probability 
Freedom 
6 82.3 3. 14 <0.05 
14 26.2 
20 
Acetone 0.2J..1gL-
1 20J1gL-1 0.2J..1gL-1 2J1gL-1 
Ez ~ 4-np 4-np 
4.00 6.66 2.66 -4.00 -12.00 
(-10.27,18.27) (-7.6 1,20.93) (-11.61, 16.93) (-18.27,10.27) (-26.27)..27) 
16.00* -5.34 -9.34 8.00 
(1.73,30.27) (-19.61,8.93) (-23.61,4.93) (-6.27,21.27) 
8.00 2.66 -1.34 
(-6.27,22.27) (-11.61 ,16.93) (- 15.6 1,12.93) 
6.66 -4.00 
( -7.61 ,20.93) (-1 8.27,10.27) 
10.66 
( -3.6 1 ,24.93) 
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Appendix 2 ( cont): One way analysis of variance on survival of P. e/egans larvae exposed to 
either 4-NP (0.2, 2, 20 j.lg L-1 ), E2 (0.2, 20 j.lg L-1) or acetone on consecutive days. Presented with 
Tukeys pairwise comparisons where p<0.05; 95% confidence intervals of differences in means g iven in 
parentheses. * denotes significant differences between treatments at 5% level 
DAY 19 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 483.0 6 80.5 4.20 <0.05 
Residuals 268.0 14 19.1 
Total 751.0 20 
Control Acetone 0.2J1gL-
1 lOJ!gL-1 O.lJlgL-1 lJlgL-1 
E2 ~ 4-np 4-np 
20J1gL-1 1.00 6.00 4.00 6.00 -2.00 -9.34 
4-np (-4.50,6.50) (0.50,11.50) (-1.50,9.50) (0.50, 11 .50) (-7.50,3.50) (-14.84,-3.84) 
lJ!gL-1 10.34 15.34* -5.34 -3.34 7.34 
4-np (4.84, 15.84) (9.84,20.84) (- I 0.84,0. 16) (-8.84,2.16) (1.84, 12.84) 
0.2J1gL-1 3.00 8.00 2.00 4.00 
4-np ( -2.50,8.50) (2.50, 13.50) (-3.50,7.50) (-1.50,9.50) 
20J1gL-1 7.00 12.00 2.00 
E1 t 1.50, 12.50) (6.50, 17.50) (-3.50,7.50) 
0.2J1gL-1 5.00 10.00 
E1 (-0.50, I 0.50) (4.50,15.50) 
Acetone -5.00 {- I 0.50,0.50) 
DAY20 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 452.3 6 75.4 3.73 <0.05 
Residuals 282.7 14 20.2 
Total 735.0 20 
Control Acetone O.lJJ.gL-
1 201JgL-1 0.21JgL-1 lJJ.gL-1 
~ E1 4-np 4-np 
201JgL-1 1.00 6.00 4.00 6.00 -2.00 -9.34 
4-np (-11.53,13.53) ( -6.53,18.53) ( -8.53, 16.53) ( -6.53, 18.53) (-14.53, 10.53) (-21.87,3.19) 
21JgL-1 10.34 15.34* -5.34 -3.34 7.34 
4-np (-2.19,22.87) (2.81 ,27.87) (-17.87,7.19) (-15.87,9.19) (-5.19, 19.87) 
O.liJgL-1 3.00 8.00 2.00 4.00 
4-np ( -9.53, 15.53) (-4.53,20.53) (-10.53,14.53) ( -8.53, 16.53) 
2011gL-1 7.00 12.00 2.00 
E1 (-5.53, 19.53) (-0.53,24.53) (-10.53,14.53) 
0.21-lgL-1 5.00 10.00 
E2 (-7.53,17.53) (-2.53,22.53) 
Acetone -5.00 (-17.53,7.53) 
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Appendix 2 ( cont): One way analysis of variance on survival of P. e/egans larvae exposed to 
e ither 4-NP (0.2, 2, 20 ~g L-1 ), ~ (0.2, 20 ~g L-1) or acetone on consecutive days. Presented with 
Tukeys pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. • denotes significant differences between treatments at 5% level 
DAY21 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 426.0 6 71.0 3.37 <0.05 
Residuals 294.7 14 2 1.0 
Total 720.7 20 
Control Acetone 0.2~gL-
1 20JtgL-1 0.2f.lgL-1 2~-tgL:r 
Ez Ez 4-np 4-op 
20f.lgL-1 0.33 5.33 4.00 6.67 -2.00 -9.33 
4-np (-12.45, 13. 11 ) (-7.45, 18.11 ) (-8.78,16.78) (-6. 11 , 19.45) (-14.78,10.78) (-22.11 ,3.45) 
2~-tgL- 1 9.67 14.67* -5.33 -2.67 7 .33 
4-op (-3. 11 ,22.45) (1.89,27.45) (-18. 11 ,7.45) (-15.45, 10.1 1) (-5.45,20.11 ) 
0.2JtgL-1 2.33 7.33 2.00 4.67 
4-np (-10.45, 15.11) ( -5.45,20.11 ) (-10.78, 14.78) (-8. 11 ,17.45) 
20f.lgL' 1 4.33 12.00 2.67 
Ez (-8.45, 17. 11 ) (-{). 78,24.78) (-10.11 , 15.45) 
0.2f.lgL'1 7.00 9.33 
Ez (-5.78, 19.78) (-3.45.22.11 ) 
Acetone -5.00 ( -17.78,7. 78) 
DAY22 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
SurvivaJ 425.2 6 70.9 3.29 <0.05 
Residuals 30 1.3 14 21.5 
Total 726.6 20 
Control Acetone 0.2J.lgL-
1 20.ugL-1 0.2JtgL :r 2~-tgL:r 
El El 4-op 4-no 
20f.lgL·1 0.33 4.67 4.00 6 .67 -2.00 - 10.00 
4-np ( -12.60, 13.26) (-8.26. 17.60) (-8.93, 16.93) ( -6.26, 19.60) ( - 14.93, I 0.93) (-22.93,2.93) 
2f.lgL-1 10.33 14.67* -6.00 -3.33 8.00 
4-op (-2.60,23.26) (I. 74,27 .60) (-18.93,6.93) ( -16.26,9.60) (-4.93,20.93) 
0.2JtgL.1 2.33 6 .67 2.00 4.67 
4-np (- I 0.60, 15.26) (-6.26. 19.60) (-10.93,14.93) (-8.26,17.60) 
20J&gL-1 7.00 11.33 2.67 
Ez (-5.93, 19.93) (-1.60,24.26) (- I 0.26, 15.60) 
0.2JtgL-1 4.33 8.67 
Ez (-8.60, 17.26) ( -4 .26,21.60) 
Acetone -4.33 (- I 7 .26,8.60) 
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Appendix 2 ( cont): One way analysis of variance on survival of P. e/egans larvae exposed to 
either 4-NP (0.2, 2, 20 J.lg L-1), ~ (0.2, 20 J.lg L-1) or acetone on consecutive days Presented with Tukeys 
pairwise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level 
DAY23 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 379. 1 6 63.2 2.88 <0.05 
Residuals 306.7 14 2 1.9 
Total 658.8 20 
Control Acetone 0.2J.lgL-
1 20J.1gL·' 0.2J.lgL· 2~lgL ::r 
Ez E2 4-np 4-np 
20J.tgL-1 1.00 4.00 3.33 6.67 -1.33 -9.33 
4-np (-12.05,14.05) (-9.05, 17.05) ( -9. 72, 16.38) (-6.38, 19.72) (-14.38,11.72) ( -22.38,3. 72) 
2J.tgL-1 10.33 13.33* -6.00 -2.67 8.00 
4-np (-2.72,23.38) (0.28,26.38) (-19.05,7.05) (-15.72,10.38) (-5.05,21 .05) 
0.2J.lgL· ' 2.33 5.33 2.00 5.33 
4-np (-10.72, 15.38) (-7.72, 18.38) (-11.05, 15.05) ( -7. 72,18.38) 
20J.1gL-1 7.67 7.33 3.33 
E2 (-5.38,20.72) (-5.72,20.38) (-9.72,16.38) 
0.2J.lgL·' 4.33 10.67 
E2 (-8.72,17.38) (-2.38,23.72) 
Acetone -3.00 (-16.05,10.05) 
DAY 24 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Survival 394.6 6 65.8 3.00 <0.05 
Residuals 306.7 14 21.9 
Total 70 1.2 20 
Control Acetone 0.2J.1gL-
1 20J.lgL-1 0.2J.1gL-1 2J.lgL-1 
Ez Ez 4-np 4- np 
20J.1gL-1 1.00 3.33 3.33 8.00 - 1.33 -9.33 
4-np (-12.05,14.05) ( -9. 72, 16.38) ( -9. 72,16.38) (-5.05,21 .05) (-14.38,11.72) ( -22.38,3. 72) 
2J.1gL·' 10.33 12.67* -6.00 - 1.33 8.00 
4-np (-2.72,23.38) (0.38,25. 72) (-19.05,7.05) ( -14.38, 11. 72) (-5.05,21.05) 
0.2J.lgL·' 2.33 4.67 2.00 6.67 
4-np (-I 0. 72, 15.38) (-8.38,17.72) (- 11.05,15.05) (-6.38,19.72) 
20J.lgL-1 9.00 11 .33 4.67 
Ez (-4.05,22.05) (-1.72,24.38) (-8.38,17.72) 
0.2J.lgL-1 4.33 6.67 
Ez (-8.72, 17.38) ( -6.38, 19. 72) 
Acetone -2.33 (-15.38,10.72) 
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10.3 Appendix 3 
Appendix 3: One-factor analysis of variance (ANOVA) on the variations in the 86 kDa polypeptide 
in P.e/egans larvae Zl- PL, following exposure to 4-n-nonylphenol (0.2, 2, 20 j.lg L' 1 4-NP) or 17P-
oestradiol (0.2, 20 j.lg L-1 ~) with pooled sea water and solvent (acetone < I ppt) controls. Presented with 
Scbeffe's pair-wise comparisons where p<0.05; 95% confidence intervals of differences in means given in 
parentheses. * denotes significant differences between treatments at 5% level. 
Zoea 2 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 3.1430 5 0.6286 14.39 <0.001 
Residuals 0.6552 15 0.0437 
Total 3.7981 20 
Control 0.2 p.tgL'1 2 p.tgL'1 20 p.tgL-1 0.2 f.1gL'1 
(Pooled) 4-np 4-np 4-np Ez 
20 f.lgL·' 0.603* 1.276* 1.073* 0.651 * 0.425 
E2 (0.04, 1.166) (0.626, 1.926) (0.423,1.723) (0.00 I, 1.30 I) (-0.226,1.075) 
0.2 11gL'1 0.178 0.852* 0.648 0.227 
~ ( -0.385,0. 74 1) (0.20 I, 1.502) ( -0.002, 1.298) ( -0.423,0.877) 
20 p.tgL-1 0.049 0.625 0.42 1 
4-np (-0.6 12,0.514) ( -0.03, 1.275) (-0.229,1.072) 
2 f.lgL·' -0.470 0.203 
4-np (-1 .033,0.093) (-0.447,0.854) 
0.2 f.lgL·' -0.674* 
4-np (-1.237,-0.111) 
Zoea3 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 2.3019 5 0.4604 12.79 <0.001 
Residuals 0.5399 15 0.0360 
Total 2.8418 20 
Control 0.2 f.lgL-1 2 J1gL'1 20 p.tgL :-r 0.2 p.tgL' 1 
(Pooled) 4-np 4-np 4-np Ez 
20 p.tgL-1 0.453* 0.415 0.390 -0.304 -0.327 
Ez (0.058,0.964) ( -0. 175, 1.005) ( -0.199,0.98) (-0.894,0287) (-0.9 17,02 63) 
0.2 p.tgL'1 0.78* 0.742* 0.7 17* 0.024 
Ez (0.269, 1.291) (0.152, 1.332) (0. 127, 1.307) ( -0.567 ,0.6 14) 
20 11gL·1 0.757* 0.7 18* 0.694* 
4-np (0.246, 1.268) (0.129,1.308) ( 1.04, 1.284) 
2 p.tgL-1 0.063 1 0.025 
4-np (-0.448,0.574) ( -565,0.614) 
0.2 f.lgL-1 0.0386 
4-np (-0.473.0.549) 
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Appendix 3( cont): One-factor analysis of variance (ANOVA) on the variations in the 86 kDa 
polypeptide in P.elegans larvae Zl- PL, following exposure to 4-n-nonylphenol (0.2, 2, 20 1-1g L-1 4-NP) 
or 17P-oestradiol (0.2, 20 1-1g L-1 ~) with pooled seawater and solvent (acetone < I ppt) controls. 
Presented with Scheffe's pairwise comparisons where p<0.05; 95% confidence intervals of differences in 
means given in parentheses. * denotes significant differences between treatments at 5% level. 
Zoea4 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 2.3545 5 0.4709 65.63 <0.001 
Residuals 0.1076 15 0.0072 
Total 2.4622 20 
Control 0.2 J.tgL-1 2 J.LgL~1 20 J.LgL .:r 0.2 J.tgL-1 
(Pooled) 4-np 4-np 4-np E1 
20 J.lgL-1 0.257* 1.022* 0.795* 0.654* 0.298* 
E1 (0.029,0.485) (0. 758,1.285) (0.532,1.058) (0.390,0.917) (0.035,0.562) 
0.2 f.lgL-1 -0.041 0.723* 0.497* 0.356* 
Ez (-0.269,0.187) (0.460,0.987) (0.233,0.760) (0.092,0.619) 
20 J.LgL-1 -0.397* 0.370* 0. 141 
4-np (-0.625,-0.169) (0.1 05,0.631) (-0.122,0.404) 
2 J.tgL-1 -0.538* 0.227 
4-np (0. 766,-0.3 1) ( -0.037 ,0.49) 
0.2 f.LgL-1 -0.765* 
4-np (-0.993,-0.537) 
Zoea 5 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 4.3435 5 0.8687 88.38 <0.001 
Residuals 0.1474 15 0.0098 
Total 4.4909 20 
Control 0.2 ,..,gL-1 2 J.lgL-1 20 11gL-1 0.2 J.lgL :r 
(Pooled) 4-np 4-np 4-np E2 
20 11gL-1 0.504* 1.554* 0.714* 1.08* 0.83* 
E1 (0.237,0.771) ( 1.246,1.863) (0.406,1.022) (0.77,1.389) (0.524, 1.14) 
0.2 f.lgL-1 -0.328* 0.723* -0. 118 0.249 
E1 (-0.059,-0.061) (0.414,1.03) ( -0.426,0.19) ( -0.058,0.557) 
20 J.LgL-1 -0.577* 0.473* -0.367* 
4-np (-0.844,-0.31) (0.165,0.781) (-0.675,-0.059) 
211gL-t -0.2 1 0.84* 
4-np (-0.477,0.057) (0.532,1.148) 
0.2 J.lgL-1 -1.05* 
4-np (-1.3 17,-0.783) 
316 
Appendix 3( cont): One-factor analysis of variance (ANOVA) on the variations in the 86 kDa 
polypeptide in P.elegans larvae Z 1- PL, following exposure to 4-n-nonylphenol (0.2, 2, 20 flg L-1 4-NP) 
or 17f}-oestradiol (0.2, 20 flg L-1 E:!) with pooled seawater and solvent (acetone < I ppt) controls. 
Presented with Schetfe's pairwise comparisons where p<0.05; 95% confidence intervals. of differences in 
means given in parentheses. * denotes significant differences between treatments at 5% level. 
Zoea6 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 6.1827 5 1.2365 88.78 <0.001 
Residuals 0.2089 15 0.0139 
Total 6.3916 20 
Control 0.2 IJ.gL·' 2~J.gL·' 20 IJ.gL·' 0.2 ~J.gL·' 
(Pooled) 4-np 4-op 4-np E2 
20 1JgL·1 0.429* 1.71 * 0.628* 1.343* 0.821 * 
E2 (0.111 ,0. 746) ( 1.34,2.08) (0.262,0.995) (0.976, 1.709) (0.454, 1.18) 
0.2 IJ.gL·' -0.392* 0.89** -0.192 0.522* 
E2 (-0.709,-0.074) (0.523, 1.257) (-0.559,0.175) (0.156,0.889) 
20 ~J.gL- 1 -0.914* 0.368 -0.714* 
4-op ( -1.23,-0.596) (0.00 I ,0.735) ( -1.08, -0.348) 
2 1JgL·1 -0. 199 1.08* 
4-op (-0.5 17,0.118) (0. 716, 1.449) 
0.2 1J.gL·1 -1.282* 
4-op (-1.59,-0.96) 
Zoea 7 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 2.6861 5 0.5372 23.14 <0.001 
Residuals 0.3483 15 0.0232 
Total 3.0343 20 
Control 0.2 1JgL·1 2~J.gL· ' 20 1JgL·1 0.2 1JgL·1 
(Pooled) 4-np 4-np 4-op Ez 
20 IJ.gL·' 0.58* 1.262* 0.769* 0.643* 0.344 
Ez (0.17,0.991) (0. 789, 1.736) (0.296, 1.243) (0.169, 1.117) ( -0.129,0.818) 
0.2 IJgL·' 0.236 0.918* 0.426* 0.299* 
Ez ( -0.174,0.646) (0.444, 1.392) ( -0.048,0.899) (·0.175,0.773) 
20 IJgL·' -0.063 0.619* 0.127 
4-np (-0.47,0.347) (0.145, 1.093) (-0.347,0.6) 
2 1J.gL·1 -0.189 0.492* 
4-op (·0.599,0.22) (0.019,0.967) 
0.2 1J.gL·1 -0.681 * 
4-op (- 1.09,-0.271) 
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Appendix 3( cont): One-factor analysis of variance (A NOVA) on the variations in the 86 k.Da 
polypeptide in P.elegans larvae Z l- PL, following exposure to 4-n-nonylphenol (0.2 2, 20 flg L"1 4-NP) 
or 17P-oestradiol (0.2, 20 flg L"1 ~)with pooled seawater and solvent (acetone < I ppt) controls. 
Presented with Scheffe's pairwise comparisons where p<0.05; 95% confidence intervals of differences in 
means given in parentheses. * denotes significant differences between treatments at 5% level. 
Postlarvae 
Source of Sum of Degrees of Mean Square F-Value Probability 
Variation Squares Freedom 
Treatment 3.25 18 5 0.6504 43.27 <0.001 
Residuals 0.2254 15 0.0150 
Total 3.4773 20 
Control 0.2 JlgL-1 2 JlgL-1 20 J~gL- ' 0.2 J1gL"1 
(Pooled) 4-np 4-np 4-np ~ 
20 J.lgL·' 0.822* 1.356* 1.011 * 0.797* 0.482* 
E2 (0.492, 1.1 52) (0.977,1.739) (0.629, 1.392) (0.4 16, 1.178) (0.1 0 I ,0.863) 
0.2 J.lgL·' 0.339* 0.876* 0.529* 0.3 15 
Ez (0.0 I ,0.669) (0.495, 1.257) (0.148,0.91) ( -0.065,0.696) 
20 J.lgL-1 0.025 0.561 * 0.2 14 
4-np (-0.305,0.355) (0.18,0.94 1) (-0.167,0.595) 
2 JlgL-1 -0. 189 0.347 
4-np (-0.519,0.141) (-0.034,0.728) 
0.2 JlgL·' 0.536* 
4-np (-0.866.-0.206) 
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